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PREFACE 


this book is primarily concerned with the mechanical properties 
of plastics and glass. The author hopes, however, that it may prove 
of interest not only to engineers and scientists working on those 
materials, but, owing to the fundamental nature of some of the 
problems discussed, to many outside that specialized field who are 
interested in the general properties of matter and the experimental 
and mathematical technique of their investigation. The subject 
is one where the interests of different sciences meet and is therefore 
a field in which the present inevitable specialization in the training 
of a scientific worker tends to be unsuitable. This makes the writing 
of a monograph both more difficult and more necessary. 

The types of material discussed show a wide variation in their 
properties. They range from rigid, brittle glasses capable of only 
slight deformations, to tough and flexible plastics. The mechanical 
behaviour of all these materials has been the subject of much 
recent research and the broad outline of many of the observable 
phenomena is now fairly clear. On the other hand the proper 
theoretical explanations are often in doubt and the writer has 
therefore placed the main emphasis on the presentation of facts 
and, in general, has only given the theories as far as they have been 
accompanied by experimental work. A good deal of the modern 
theory of visco-elastic behaviour has therefore been omitted. 
However, within the framework of established knowledge, an 
attempt has been made to emphasize the importance and interest 
which attaches to problems concerning the interrelation of 
mechanical properties. This leads to the presentation, at the 
beginning of Chapter VI, of the writer’s views on some of the major 
factors influencing impact strength. The modern theory of rubber 
elasticity is also shortly described and a number of examples are 
given which illustrate the behaviour of rubbers. It is considered 
that these references are necessary owing to the close connection 
which exists between all materials showing deformations of the 
highly elastic type, but a discussion of the mechanical properties 
of rubbers is not one of the particular objects undertaken here. 

In fairness to his former employers it should be stated that this 
work was commenced when the writer was employed by Messrs. 
Colmore Adhesives Limited and their associates the Tyneside 
Safety Glass Co., Ltd., and that where his own work is quoted it 



was carried out as part of their research programme. The author 
would also like to express his thanks to the many friends who have 
discussed parts of the work with him and particularly to Dr. 
L. R. G. Treloar who read through the work in typescript and 
made many valuable suggestions. He is also indebted to his pub¬ 
lishers for their continuous advice and assistance during the work 
of publication. 


R. N. HAWARD 

Manchester 
May 1949 


ACKNO WLEDGMENT 

a critical survey such as this could not have been adequately 
made without permission to reproduce or adapt illustrations from 
a large number of sources. These are severally indicated by the 
numbers in the legends referring to lists at the end of the chapters; 
but the author wishes here to express his gratitude to all those 
scientists, societies and publishers whose willing help in this 
respect has been forthcoming. 

Plate IX is reproduced by permission from an unpublished 
manuscript very kindly placed at the author’s disposal by Mr. J. 
Bailey, of the Plax Corporation. 

Figures 14 and 69 are reproduced by courtesy of the British 
Standards Institution, from B.S.S. Nos. 1137 and 903 respectively, 
obtainable from them at 28 Victoria Street, London, S.W.l. 


vi 



CONTENTS 


Chapter Page 

I. Strength Relations 1 

II. The Static Strength of Plastic Materials 7 

III. The Static Strength of Glass 39 

IV. The Deformation of Plastics and Glass 68 

V. Hardness and Related Subjects 122 

VI. The Impact Strength of Plastics and Glass 146 

VII. Some Characteristic Properties of Complex Materials 203 

Author Index 239 

Subject Index 242 


PLATES 

(Between pages 120 and 121.) 

I. Fracture pattern in toughened glass. 

II. Fracture pattern in plate glass. 

III. Fracture patterns in glass under static bending and under low velocity impact. 

IV. Fracture patterns in glass under medium velocity impact. 

V. Hertzian cone fractures in glass. 

VI. Surface fractures formed when investigating the hardness of glass by the 
rolling ball method. 

VII. The Bierbaum scratching technique. 

VIII. (a) The indentations given by the Vickers-hardness tool and the Bierbaum 
microcharacter. 

(b) Photoelastic stress pattern in plate glass during fracture. 

IX. Falling ball method for determining the impulse transmitted through a glass 
plate. 

X. (a)-(c) Fracture process in a thick glass beam. 
id) Hertzian cone fracture in thick plate glass. 

XI. (a) Izod impact machine. 

(6) Measurement of critical impact velocity for plastic sheeting. 

XII. (a) Bullet resisting windows used in tanks. 

(b) Shear fracture in compression with reinforced cresol resin. 

XHI. Effect of tracer bullets on transparent plastics. 

XIV. (a) Sandwich ebonite core faced with plywood. 

(b) Structure of a typical expanded thermoplastic material. 

XV. Ffacture patterns in laminated glass with a cellulose acetate interlayer. 

XVI. Apparatus for measuring the mechanical properties of fibre glass. 

Vii 



NOMENCLATURE 

Symbols used in the text on several occasions are listed below. 

f is used for a fracture stress, together with suitable subscripts, 
e.g. f r for tensile strength, f B for bending strength. When a 
fracture stress at a particular time is intended this is indicated; 
e.g./ A> , means a shearing strength measured in time, /. 

P a force or load. 

E Young’s Modulus of Elasticity. 

a Poisson’s ratio. 

/ the length of a test piece. 

y surface tension. 

p specific gravity. 

r relaxation or “orientation” time. 

v volume. 

D a deformation of mixed or unspecified type. 

Dqe the ordinary elastic or ideal Hookean deformation. 

Due the highly elastic deformation. 

D visc the viscous deformation. 

s the standard deviation of a sample, 
v coefficient of variation of a sample. 

V velocity. 

M molecular weight. 

W weight of the striker in an impact experiment. 
w weight of the test-piece in an impact experiment. 


viii 



CHAPTER I 


STRENGTH RELATIONS 


this work is concerned with the strength of plastic materials and 
glasses. Its object is to present the various quantities involved in the 
deformation and fracture of these materials and to discuss the 
relations between them. From the point of view of strength relations 
it is essential to appreciate that many different quantities having 
different dimensions are grouped under the heading of strength; 
the results of such measurements may be presented in terms of a 
stress • (ML~ l T~ 2 ), a strain (zero dimensions), or an energy 
(ML 2 T~ 2 ). Naturally, many other quantities have been and will 
continue to be recorded which do not belong to any of these 
groups, particularly where the behaviour of the material cannot 
be adequately or conveniently dealt with in theoretical terms, but 
we may consider these three types of measurement and emphasize 
the essential distinctions between them. 

In discussing the various relations between mechanical proper¬ 
ties, it is assumed throughout that only similar quantities with 
similar dimensions should be directly compared. It may be possible 
in a particular case to find a definite correlation between a stress, 
e.g. a bending strength, and an energy, e.g. an impact measure¬ 
ment, but where such correlations occur it must be assumed either 
that other relevant factors are not changing sufficiently to affect 
the correlation, or, alternatively, that they are mutually cancelling 
out. Any full theory must bring in the missing elements connecting 
definite types of measurement even though variations in them may 
later prove to be negligible in particular cases. 

Energy absorption is generally regarded as being derived from 
the other two fundamental quantities, namely: fracture stress 
(static strength) and deformation. For instance, with a material 
obeying the assumptions of the classical theories of elasticity a 
stress applied to a given volume of a given shape will lead to a 
definite strain and to a strain energy proportional to the volume' 
(ML -1 T~ 2 x L 3 = ML 2 T~ 2 ). However, plastic materials in 
general’disobey the classical theories of elasticity and many 
difficulties arise therefrom. For this reason, the inclusion of 
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massive glass, whose elastic behaviour closely corresponds with 
that of an ideal isotropic solid in the same work, often gives a 
basis of comparison, illustrating differences introduced by devia¬ 
tions from ideal elastic behaviour in plastics, and so increases the 
generality of our approach. An important element in the subject 
of strength is that of the existence of parallel properties, that is, 
properties which all change in the same way when a variation is 
made, either in the material itself or in the conditions of measure¬ 
ment; false correlations are readily obtained which derive not from 
the nature of the quantities measured, but from casual similarities 
pertaining to a particular group of materials. In this way pro¬ 
perties may become vague and incapable of precise definition, a 
state of affairs widely recognized to exist in connection with the 
subject of hardness and related phenomena. Here the same 
difficulty arises with metals and the position has been described by 
Tuckerman: 1 

Hardness in common parlance represents a hazily conceived con¬ 
glomeration or aggregate of properties of a material more or less 
related to each other. These properties include such varied things as 
resistance to abrasion, resistance to scratching, ability to cut other 
materials, resistance to plastic deformation, high modulus of elasticity, 
high yield point, high strength, absence of elastic damping, brittleness, 
lack of ductility and malleability, high melting temperature, magnetic 
retentivity, etc. This confusion under the designation “hardness” results 
from the fact that there is a rough parallelism in these properties in a 
large number of materials. The fact that “hardness” thus conceived is 
a conglomeration of different, more or less unrelated properties makes 
it impossible to correlate any one definite, measurable property with 
all the current implications of hardness. This does not mean that under 
the hazy conglomeration of properties which are included in the 
common understanding of hardness, there are not included very 
important properties of the material. 

The existence of these roughly parallel tendencies, for instance 
between elastic modulus and tensile strength, occurs with plastics 
just as with metals and may equally lead to circumstances in 
which a measurement of the wrong property may lead to practic¬ 
ally workable results. Nevertheless these differences rapidly 
become apparent if we attempt to make measurements for quite 
different materials. For instance, the Brinell hardness test may 
place a series of plastic materials in approximately the correct 
order of resistance to scratching, but it cannot be readily applied 
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to glass for the same purpose. With plastics correlation is obtained 
simply because irreversible deformations, breaking stresses, and 
elasticity in general all change in a roughly similar way with 
different conditions and materials; but massive glass irreversible 
deformations not entailing rupture are almost impossible to 
measure at ordinary temperatures and consequently tests cannot 
be based upon them. Naturally it may well transpire that where a 
series of properties of a material all change in the same direction, 
say with temperature, this is not mere chance but is connected 
with certain fundamental similarities in the molecular processes 
involved. However, apart from some recent work on the properties 
of rubbers, little has yet been done to establish a firm molecular 
theory of strength properties, and until the phenomena have 
been more thoroughly investigated and the various inter-relations 
cleared up, the theories of strength cannot assume or build upon 
such connections. On the contrary the aim must rather be to 
render strength measurements and criteria independent of any 
undefined internal correlations of properties. 

It is important to appreciate that the distinction drawn between 
the theoretical explanation of phenomena and their empirical 
description is not necessarily vital in strength relations. If a given 
strength property enters into another property in somewhat 
different conditions we can deal with its contribution with what¬ 
ever accuracy is possible in its prediction. The question of the 
derivation of whatever relation we use in making predictions is 
only of interest in so far as it may increase or reduce our con¬ 
fidence in their reliability. For example, the deformation of two 
materials A and B may be described according to an empirical 
relation involving powers of the stress and the time. This tells us 
very little about the processes involved in deformation but it may 
enable us to say that material A is more easily deformed than B 
under small stresses and long times, and the reverse occurs at high 
stresses and short times; we can then proceed to use the materials 
more intelligently, though we know little about the mechanisms of 
deformation. 

The three basic quantities involved in the theory of strength 
relations, namely: static strength (or fracture stress), deformation, 
and energy measurements will now be shortly discussed in turn. 
Under static strength measurements we include all those tests in 
which the material fails by rupture under an observed stress. 
These include tensile, shear, bending, and compression tests, as 
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well as certain other cases. In this connection it appears to be 
commonly accepted that plastics break in tension and in shear. 
However, a few difficulties should be pointed out, though not 
very much is known of how they affect the behaviour of plastic 
materials. Firstly, for any criterion of failure there exists, as 
pointed out by Hertz, 2 a surface, closed or in part extending to 
infinity, such that the principal stresses represented by the 
rectangular co-ordinates X x , Y y , Z z , of any point in the surface 
can just be borne by the material without exceeding the particular 
failure limit. All points within the surface can be withstood by the 
material but points outside will cause failure. The conventionally 
measured properties of shear and tensile strength will be repre¬ 
sented only by particular points on the surface, but, in general, 
there is no reason to assume that the surface is completely defined 
by these two measurements. Even if a material is failing under 
tension applied in a given direction there is no reason to assume 
that the value of this tensile strength will be independent of 
stresses operating in other directions.* 

Secondly, under different conditions of rupture the deformation, 
particularly of thermoplastics, may differ very widely; this will 
considerably complicate the question of static strength and may 
render certain types of results non-comparable for many purposes. 
Nevertheless, in the absence of fuller knowledge we deal with the 
properties of our materials in terms of tension, shear, compression, 
etc., and assume that in any state of stress the material will fail if 
one of these exceeds the measured strength values. 

Naturally the result of a strength measurement will depend on 
any change in the conditions affecting the material as a whole, such 
as temperature or humidity. More recently it has become widely 
recognized that static strength measurements are dependent on 
the time allowed for failure to take place. This property occurs 
characteristically in both plastics and massive glass, and the 
results differ from those of the high melting point metals such as 
copper and steel where static fatigue is much smaller. 3 

In deformation measurements the importance of time is generally 
obvious with plastics and must be regarded as diminishing the 
value of many of the published stress-strain curves. Here there is 
a marked contrast between the behaviour of most plastics and of 
massive glass. The latter may be regarded as an ideal isotropic 

* With glass there does seem good reason to believe that rupture occurs only 
under tension, generally at a surface. 
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solid whose behaviour is therefore adequately described by the 
classical theories of elasticity; but with plastics, even where a 
satisfactory numerical description of deformation is possible, it is 
exceedingly difficult to apply the relations obtained to any but the 
simplest test pieces. For example, even the mathematical difficulties 
in describing the deformation of a simple beam are severe, and 
the consequences in connection with measurement of flexural 
strength are important. Thus two materials may have the same 
tensile strength under all conditions and different bending strengths, 
but this difference need not be a true difference in static strength 
under the two conditions but a difference derived purely from 
variations in deformation. On the other hand certain measure¬ 
ments based on applying a particular deformation to a material 
may in reality be measurements of static strength. 

The third main type of strength measurement, that based on 
energy, necessarily involves both deformation and fracture. The 
most important case, that of impact strength, equally implies short 
times, but there is also the possibility of making measurements of 
energy under slow deformation conditions. Here it is natural to 
try and correlate the results of slow and fast measurements of 
energy absorption. Glass appears to present few serious difficulties at 
low velocities of impact, but at higher velocities, where the dynamic 
deformation of a perfectly elastic solid differs from its static 
deformation, mathematical difficulties are an important bar to 
progress and have largely prevented the development of a thorough 
treatment. An indication of some of these complexities, which are 
common to all known materials, may be obtained from a discussion 
by Arnold 4 of the impact stresses in a freely supported beam. With 
plastics, particularly with the thermoplastics, the behaviour even 
under slow deformations is so complicated as to render almost any 
impact measurement “explicable,” and we can only exclude a few 
possibilities as the result of theoretical considerations. 

It is therefore to be expected that many of the relations between 
mechanical properties remain obscure. On the other hand, refer¬ 
ence to the case of glass, whose deformation properties under 
normal conditions are particularly simple, sometimes enables 
certain relations to be established which may also apply to the case 
of plastics. In this way it may be possible to simplify the problem 
of the behaviour of plastic materials to a certain extent or to indi¬ 
cate a line of approach to phenomena which do not, by themselves, 
allow of any certain explanation. Such considerations, therefore, 
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also furnish a reason for treating the mechanical properties of 
plastic materials and glasses in a single work. 
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CHAPTER II 


THE STATIC STRENGTH OF PLASTIC 
MATERIALS 


tensile strength, bending, compressive and shear strength may 
be regarded as aspects of the static strength of the plastic materials, 
i.e. the type of strength measurements in which failure occurs 
through the application of a steady or slowly increasing stress 
which has time to distribute itself through the specimen in 
accordance with the geometry of the test. While the material is 
being broken a large or small deformation will occur; where this 
deformation is large the real strength of the plastic at its breaking 
point may be considerably above the figure generally quoted, 
calculated on the initial cross-section under load. Under such large 
deformations the long chain molecules of a plastic commonly 
become oriented or crystallized so that their length in the direction 
of application of stress greatly exceeds that to be expected under 
equilibrium conditions, 1 and their properties may even approach 
those of fibres. These changes under stress must always be borne 
in mind in considering the operation of other variables. For 
instance, the addition of plasticizer not only decreases the tensile 
strength but may also lead to a greatly increased deformation at 
break. Nevertheless the customary calculation of the strength of a 
material on its original cross-section has the justification that when 
broken in use its dimensions at the point of stressing normally 
decrease in a similar way. 

The four types of test mentioned do not exhaust the subject of 
breakage under static stress, which should involve all possible 
arrangements of stress, but it does include practically all the 
recorded measurements. On the other hand, the four figures 
obtained from tensile, bending, shear, and compression tests 
probably do not represent four distinct limiting cases of breakage 
under differing stress conditions. For example, under bending the 
test piece will frequently break in tension at the lower surface, and, 
under compression in one dimension, rupture often takes place 
under the action of shearing stresses. Thus fracture may take place 
in two fundamentally different ways, namely: by the separation 
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of planes in response to the tensile component of stress, or by 
the sliding of planes in response to the tangential component. 
However, it is not certain that both modes of fracture can be made 
to occur with all plastic materials, though one may assume that 
the two types exist until there is evidence to the contrary. Weibull 2 
made some experiments designed to test the possible theories of 
rupture using a brittle plastic and also glass, and he found that the 
results favoured a maximum stress or strain theory of rupture and 
definitely excluded the possibility of breakage under shear. This 
does not prove that these materials could never break under shear 
in a test in which the shearing forces were relatively larger com¬ 
pared with the tensile forces than they were in Weibull’s experi¬ 
ments; nor that because certain bending and compression tests 
actually measure breaking under tension and shear they have no 
separate value, for the strength of a material not only depends on 
the mode of rupture but also on the way the stress is applied. For 
instance, a bending and a tensile test may be similar in that the 
material breaks under tension, but the results may differ very 
greatly, for under tension a large volume of material is subjected to 
the maximum stress while under bending the highly stressed por¬ 
tion is generally confined to a small part of the under surface 
opposite the point of loading. There are of course also other 
differences, and these will be discussed in a later section. 

While it is important that all the differences involved in the 
different forms of static testing should be properly appreciated, it 
remains true to say that, for plastics, the results obtained show 
many more similarities than differences. There may be minor 
divergences, but generally, treatment of a given material leading 
to improvements in one form of static strength also leads to 
improvements in another. For this reason, and because of the 
larger amount of available information, the tensile test has been 
singled out for more thorough consideration in this chapter than 
the others. 


Methods of Testing 

While numerous minor variations in tensile testing exist the 
general principles remain similar. The procedure described here is 
taken from a standard specification for phenolic resins. 3 A dumb¬ 
bell shape test specimen is moulded to the form and dimensions 
specified, and held in a testing machine between particular types 
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of grip. The machine is set in motion so that the test piece is 
steadily extended and the minimum specified breaking load is 
reached in 1J to 2\ min. The final breaking load is measured with 
an accuracy of at least 1 per cent, and from this figure the tensile 
strength may be calculated as a force per unit area using the 
original dimensions of the test piece. Precise conditions of mould¬ 
ing are also laid down to obtain reproducible results from a given 
moulding powder. Particular humidity conditions are not in¬ 
cluded in this specification, but they are of some importance 
wherever cellulose derivatives are involved, or indeed any plastic 
having an appreciable water absorption. For example, a humidity 
of 75 per cent has been prescribed for tests on synthetic resin 
bonded paper sheets. 4 Other types of tensile test have been devised 
by the A.S.T.M. 5 

The Conditions of Moulding 

Any test measures only the properties of the test piece, so it is 
important for the test piece to be prepared in a consistent and, as 
far as possible, reproducible manner. However, even with the 
greatest care it is impossible to eliminate all variation in samples, 
though plastics generally give more reproducible results than glass. 
For example, a case has been quoted by Wainvvright 6 where a 
standard deviation of 0.14 ft.-lb. was found in an impact test 
giving an average measurement of 5.0 ft.-lb. However, larger 
variations may sometimes be obtained. 

Where differences occur in the conditions of moulding large 
variations in results may be obtained. For example, in an investi¬ 
gation carried out for the A.S.T.M. 7 it was found that variations 
in tensile strength between samples of ethyl cellulose moulded by 
different firms were as much as 35 per cent, and it was concluded 
that the temperature of moulding was a vital factor. 

This conclusion is supported by the results of Ball et a l. 8 who 
investigated the variation in the properties of injection moulded 
cellulose derivations, obtained by altering the injection cylinder 
temperature. They found that when this temperature was raised 
through 100° F. the tensile strengths of cellulose aceto-butyrate 
and ethyl cellulose mouldings were reduced about half, while 
impact strength and elongation at break increased by a factor of 
the order of two. When the rate of cooling of the plastic in the 
mould was altered there was no comparable change in the pro- 

B 
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perties of the mouldings. With compression moulded polystyrene, 
however, different but somewhat more explicable changes took 
place under varying moulding conditions; 9 the strength properties, 
both in tension and impact, improved when the plastic had to 
travel a long way in the mould, and increased when the moulding 
temperature was lowered. These results can be explained by the 
orientation of the long chain molecules as the plastic material 
moves in the mould at a low temperature; this is supported by 
Muller 10 who deformed polystyrene at 100° C., 120° C. and 
150° C. and found that the double refraction remaining in the 
cooled product was greater at the lower temperatures of 
deformation. 

Theoretical and Real Tensile Strength 

Actual values of the tensile strength or tenacity of plastic 
materials are mostly less than 1,000 kg./cm. 2 (~ 14,000 lb./in. 2 ) 
and very much lower figures may be obtained. Apart from complex 
materials and orientated fibres, higher values are unusual. 
Theoretically this figure seems to be unexpectedly low, since a 
simple formulation of the structure of many plastic materials 
based on the known strengths of the valency bonds would lead to 
much greater tenacities. Numerous attempts have been made to 
relate real strengths to molecular structure; Mark 11 has sum¬ 
marized the results obtained from three models intended to 
represent the possible modes of rupture of orientated cellulose 
fibres. The strength of such fibres does exceed that of ordinary 
moulded and cast materials, but in some of these cases, where 
considerable elongation occurs under test, the strength, calculated 
on the cross-section at the time rupture occurs, may approach that 
of a fibre. 

Mark calculates the tenacity of parallel orientated molecular 
chains with different rupture mechanisms. 

(1) If the primary valency bonds of the chains are broken the 
tenacity should be 150,000 kg./cm. 2 

(2) If the chains are arranged with all their ends in one cross- 
sectional plane and rupture occurs through Van der Waals’ forces 
the tenacity should be 2,700 kg./cm. 2 

(3) If the chains have a degree of polymerization of 400 glucose 
units and rupture occurs through the chains slipping over each 
other the tenacity should be 9,000 kg./cm. 2 
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On comparison with experimental results it is found that the 
strengths obtained with the best natural fibres, such as flax and 
hemp, are between the figures given by the second and third cal¬ 
culations, and Mark concludes that the third model most closely 
represents the results. Failure to reach the tenacities given by this 
calculation may be ascribed to the lack of ideal arrangements such 
as those considered in the model, i.e. to the presence of imper¬ 
fections in the structure. However, Mark’s fracture mechanisms 
(1) and (2) both involve the simultaneous fracture of a large 
number of molecular bonds, and the conclusion on structural 
irregularities would suggest that the molecular bonds are subject 
to a varying proportion of the applied stress. The possibility that 
some highly stressed primary valency bonds are broken in the 
fracture process is not, therefore, entirely excluded by these 
calculations. 

Assumptions of structural irregularities or flaws appear to be 
more necessary where cross-linked phenolic plastics are concerned. 
Here it is difficult to visualize rupture without the breaking of 
strong primary valency bonds, since the whole structure is linked 
together by chemical linkages. For two typical phenolic type resins 
theoretical and experimental values of the tensile strength have 
been given by de Boer 12 and Houwink, 13 respectively (Table I). 


Table I. Theoretical and Experimental Strengths of Typical Cross-linked 

Plastic Materials 


Material 

Theoretical strength 
for rupture of 
primary valencies 

Theoretical strength 
for Van der Waals’ 
forces 

Experimental 

strength 


kg /cm * 

kg /cm 2 

kg /cm 2 

Phenol formaldehyde resin .. 

430,000 

3,900 

780 

m-Cresol formaldehyde resin .. 

380,000 

3,200 

380 


Clearly the tensile strengths obtained in practice fall markedly 
below those predicted by theory. To account for this divergence 
Houwink suggests that the existence of flaws must be assumed, and 
that these are not to be taken as being accidental and due to 
exterior influence, but are rather structural features of a statistical 
nature. Though it cannot be said that the precise nature of such 
points of weakness is understood, this view is commonly accepted 
and it ihay be concluded that the tensile strength of many types of 
plastic material are reduced by some type of flaw, as is the case 
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with glass. In other words tenacity is not a true bulk property in 
such materials. 

However, there are certain consequences of this viewpoint which 
must apply to some extent .to plastics, though the effects are much 
smaller than with glass. If tenacity is not a true bulk property, but 
is affected by the weakness of relatively rare parts of the material, 
then it will not be a uniform property throughout all large and 
small sections. So bending and tensile tests should not always give 
the same results even when the plastic bends in accurate accordance 
with the appropriate equations and breaks under tension; this 
conclusion is verified by the results of such tests which normally 
give higher results than pure tension, though this evidence may not 
be wholly significant. 

Similarly variations with the size of the test piece are to be 
anticipated, but little work has been published on this topic apart 
from a recent paper by Lawton et al., lA in which it was found that 
the tensile strength of cellulose acetate and nitrate sheet increased 
notably as the thickness diminished. It is not clear whether these 
results furnish significant evidence for the existence of flaws which, 
according to the theories outlined, would be expected more parti¬ 
cularly in plastics of the thermosetting type. The same effects could 
readily be caused by differences in molecular orientation. 


Variation of Tensile Strength with Chain Length in Straight Chain 
Polymers 

The third of the assumptions made by Mark for the theoretical 
calculation of tensile strength—that breakage occurs due to the 
slipping of molecular chains—leads naturally to a consideration 
of the interdependence of tenacity and chain length or degree of 
polymerization. Experiments have been carried out on moulded 
plastics, cast films, rubbers, and orientated fibres with generally 
similar results. If very low molecular weight materials are 
examined it is found that a certain minimum degree of polymeriza¬ 
tion is required before the material develops any measurable 
tenacity or is capable of being handled by conventional methods. 
Over this minimum size there is a rapid and roughly linear increase 
in tensile strength with molecular weight until a certain degree 
of polymerization is reached when increase of tensile strength falls 
off and subsequent increases in molecular weight lead only to slight 
improvements in tenacity. Curves of this type, taken from the 
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work of Jones and Miles 15 on cast nitro-cellulose films are shown 
in Fig. 1; they are of great interest in that they also illustrate the 
considerable differences of tensile strength which result from 
casting the same polymeric material from different solvents. 
Similar curves showing the relation between tenacity and molecular 
weight have been given for methyl cellulose by Staudinger 16 and 
for ethyl cellulose by Ott. 17 

A thorough investigation of chain length-tenacity effects in 



. Viscosity as £ log ^ c /7 0 (c= O-Sgm./lOOc.c ,) 

Fig. 1.—The tensile strength of cellulose nitrate film cast from various solvents 
plotted against the viscosity molecular weight. 15 


fractionated polyvinyl chloride-acetate copolymers has been 
carried out by Douglas and Stoops. 18 A polydisperse solution of 
the original polymer in acetone was precipitated by addition of 
isopropanol, and six fractions of differing average molecular 
weights were separated. These materials were then moulded into 
suitable test pieces and their properties determined (Table II). 

These results of Douglas and Stoops do not indicate very 
definite differences in behaviour between fractionated and 
unfractionated materials of the same average molecular weights, 
but, in the case of nitro-cellulose, this particular point has been 
examined under folding tests, 19 and the conclusion was reached 
that the presence of low molecular weight material in a mixture 
had an‘unfavourable effect. These and other results have been 
summarized by Mark 20 who considers, in agreement with his own 
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experiments on cellulose acetate, 21 that the presence of 10 to 15 
per cent of low molecular weight material has an unfavourable 
effect on strength properties in general. 

Sookne and Harris 22 examined the tensile strength of a number 


Table H. The Variation of Strength Properties of Vinyl Chloride-Acetate 
Copolymers with Molecular Weight 


Property 

Original 

material 


Fractionated sample 



A 

B 

c 

D 

E 

F 

Molecular weight 
Tensile strength. 

10,600 

15,800 

14,600 

1 

13,200 

11,100 

7,500 

5,800 

lb./in. 2 

Impact strength. 

9,025 

9,955 

9,745! 

i 

9,630 

9,180 

6,680 

i 

1,120 

ft.-lb.—piece 

Modulus of elasticity. 

0-25 

0-36 

0-33 

0-32 

0-31 

016 

i 

— 

lb./in. 2 

Bending strength, 

400,000 

418,000 

407,000 

401,000 

403,000 

394,000 

350,000 

lb./in. 2 

13,300 

14,400 

14,600 

i 

13,000 

13,500 

9,100 

1,470 


of cellulose acetate fractions and mixtures and concluded that this 
property in a mixture depends specifically on the number average 
molecular weight, but with a blend the actual value of the tensile 
strength was given by the weight average of the tensile strengths 

of the components. These 
apparently contradictory 
statements have been ex¬ 
amined by Flory, 23 who 
showed that they could be 
reconciled only if the 
relation between mole¬ 
cular weight M and tensile 
strength f T was of the 
form f T — a 0 + aJM (o, 
negative). 

This relation is illus¬ 
trated in Fig. 2, where 
tensile strength is plotted 
against 1/M from the 
results of Sookne and 
Harris. In another paper 
procal of the molecular weight. 23 Flory 2 notes that this 
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result agrees with the views of Spurlin , 25 who considered that the 
failure of fibres under stress originated from the ends of the long 
chain molecules and should therefore depend on the number 
average molecular weight.* 

In the same paper 24 Flory describes a fundamental and extensive 



Fig. 3.—The tensile strength of a vulcanized butyl rubber in relation to the quantity 
1 /(A/-f M r ), where Af is the molecular weight of the original polymer and Af c the 
molecular weight between cross links. 24 


investigation of the relation between mechanical properties, 
molecular weight and polymer structure in vulcanized butyl 


* The two main types of molecular weight measurement on a material containing 
a mixture of molecules having different molecular weights are defined as follows: 

EA UNi 


Number Average Molecular Weight - 


Sty 


where Afy is the number of molecules of weight Af/. 


Weight Average Molecular Weight 


TtM] N t 

S Mi N, 


The former is obtained from osmotic data and, in the case of straight chain 
molecules, the latter is given by viscometric measurements or light scattering. 
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rubber; it was not possible to use a single quantity as a measure 
of the molecular weight, and Flory used the symbol M to describe 
the number average molecular weight of the original unvulcanized 
butyl rubber (which contained a small known amount of copoly¬ 
merized isoprene for vulcanization), and M c for the molecular 
weight of the vulcanized chains between points of cross linkage 
(M > M c ). In analysing the properties of the rubber two types of 
chain element had to be distinguished: (a) principal or “active” 
chains, each representing the portion of a molecular chain extend¬ 
ing from one cross linkage to the next, and ( b ) terminal or 
“inactive” chains extending from the end of a primary molecule 
to the first cross linkage along its length. This distinction plays a 
vital part in Flory’s theory since crystallization is considered as a 
fundamental process in the development of high tensile strength 
and only the active chains are assumed to be permanently oriented 
and crystallized during the stretching process. Flory shows that 
the proportion of material present as “inactive” or terminal 
chains is given by the relation 2MJ(M + M c ), and demonstrates 
that the tensile strength of a rubber having a small amount of 
vulcanizable material present (M c — 37,000) is approximately 
linear with 1 /(M + M c ) (Fig. 3). He concludes that the tensile 
strength depends linearly on the fraction of “active” network 
present, capable of orientation. 


Chain Structure and Tensile Strength 

In the light of these theories it becomes of particular interest to 
consider the properties of other polymers where a non-linear 
chain structure such as is involved in branching or cross-linkage 
is known to occur. The importance of such differences in structure 
is shown in a paper by Whistler and Hilbert, 26 who studied the 
properties of amylopectin and amylose triacetates in film form. 
They found that the former gave a weak and friable product, but 
the latter gave good films of excellent strength. This large difference 
in behaviour was not to be explained by differences in molecular 
weight since the films derived from amylopectin were made from 
a material well above the minimum molecular weight for film 
formation, but were explained by the fact that the amylopectin 
has a branched chain structure while the amylose is a straight chain 
polymer. This would agree with the theory of Spurlin, 25 applicable 
to cellulose derivatives, as the existence of a number of side chains 
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would increase the number of chain endings for any given mole¬ 
cular weight. It is therefore clear that structural factors as well 
as molecular weight play an important part in determining the 
strength of polymeric materials. Rather less work has been 
published on the effect of cross-linking agents on the strength of 
ordinary synthetic thermoplastics. Some experiments carried out 
by the author showed that glycol dimethacrylate polymerized by 
itself to give a weak friable solid, similar to a silica gel; but it 
could be copolymerized with methyl methacrylate and varying 
quantities of plasticizer to give flexible films which did not dissolve 
in acetone, although swelling occurred when only small quantities 
of the glycol dimethacrylate were used. However, such films 
showed no noticeable improvement in strength, and when 1 • 5 per 
cent or more of the cross-linking agent was used they became 
increasingly brittle; on the other hand Trevy, 27 working with vinyl 
chloride-acetate copolymers, has reported that small improvements 
in strength can be obtained by copolymerization with such 
materials as allyl crotonate or glycol dicrotonate. Similarly, with 
polystyrene Goggin and Boyer 28 report that a maximum in the ten¬ 
sile and impact strengths is found when 5 per cent divinyl benzene 
is incorporated as a cross-linking agent. The favourable effects 
obtained in the vulcanization of rubber are also well known. The 
only possible conclusion is, therefore, that the effect of cross- 
linking agents with thermoplastic materials is not a general one 
but depends on the polymer and the mode of action of the cross- 
linking agent. 

Recently some cross-linked polymeric materials have been 
developed with useful mechanical properties. They are prepared 
by the polymerization of the diesters of allyl alcohol (e.g. di-allyl 
phthlate) and other compounds having two polymerizable groups. 
In general it appears that the molecular weight of the original 
monomer from which they are formed is fairly large—over 200— 
and that this helps to reduce the shrinkage during polymerization 
and so facilitates their technical application. It may also be a factor 
in the development of good mechanical properties in materials 
formed by this type of cross-linking action. 

Effect of Temperature on the Tensile Strength of Thermoplastic 
Materials 

It is to be expected that the tensile strength of a thermoplastic 
will vary with temperature. In general, the amount of the variation 
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is considerable, and with nearly all thermoplastics a rise within 
the normal temperature range causes a decrease in tensile strength. 
One exception is provided by polyvinyl chloride, 29 which shows a 
maximum tensile strength at about 0° C., but the usual decline 
with temperature has been recorded by Carswell and Nason, 29 
Haward, 30 and Kistler 31 for ethyl cellulose, cellulose acetate and 
acetate butyrate, methyl methacrylate, polystyrene, and various 
vinyl polymers. Some results given by Carswell and Nason 29 (Fig. 
4) show the anomalous behaviour of polyvinyl chloride, and also 



Fig. 4.—The temperature variation in tensile strength for thermoplastics. 2 ? 

the considerable differences observed among those thermoplastics 
whose tensile strength does decline as the temperature rises; a 
material may be stronger than another at one temperature, but the 
position may be reversed at a different temperature. 

Some more extensive experiments have been carried out on 
fibres by Busse et al ., 32 whose results were also strongly dependent 
on the time taken for testing. They concluded that temperature 
and fatigue effects were dependent on plastic and viscous flow 
within the fibres, and interpreted their results on the assumption 
that an energy of activation was involved. They plotted the 
relation 

log (breaking time) = E/R T + B 

at a particular stress and obtained good linear relations for log 
(time) against 1/temperature. From these they calculated the 
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following activation energies of the flow process concerned in the 
breaking of different fibres. 

Rayon 8,000 cal./ 0 C. 

Cotton 12,500 cal./ 0 C. 

Nylon 20,000 cal./ 0 C. 

The same treatment may be applied to the curves shown in Fig. 
13, which are primarily intended to illustrate the time factor. By 
drawing a series of vertical lines at four different stresses, four 
separate groups of results may be obtained and treated according 
to the above relation to give a stress-independent energy of activa¬ 
tion of 14-15,000 cal./ 0 C. This result would appear to support 
the extension of Busse’s treatment to plastics as well as fibres. 

Outside the normal temperature range there is not very much 
evidence concerning the tensile strength of thermoplastic materials, 
but some figures quoted by Melville 33 show that the strength of 
cellulose compounds is reduced at — 195° C., and some figures by 
Rohm 34 for methacrylate show a tensile strength reduced from 
750 kg./cm. 2 at — 20° C. to 680 kg./cm. 2 at — 40° C. If this rever¬ 
sal of trend proves to be general for thermoplastics, there will clearly 
be a temperature region where the theory of activation outlined 
does not apply and the behaviour of thermoplastics will have to be 
regarded as essentially similar to that of the thermosetting resins. 


Effect of Temperature on the Tensile Strength of Thermosetting Resins 

The thermosetting resins, which have a three dimensional 
structure, are not affected in the same uniform manner by tempera¬ 
ture changes in the range 0 to 100° C. as the thermoplastic 
materials. Some typical examples have been given by Kistler 31 
(Fig. 5). They agree with the results of Carswell et al. is (Figs. 6,7, 
8 and 9), though differences are found in the case of complex 
filled materials. At low temperatures these resins are relatively 
weak; their tensile strength increases up to a certain limit and 
then decreases again as the temperature is still further raised. 
Clearly this cannot be accounted for by a single activation mechan¬ 
ism, and Kistler has suggested the material is weak at low tempera¬ 
tures because of the difficulty of distributing the stress throughout 
the test piece. At higher temperatures a greater deformation occurs 
and pockets of high stress concentration are relieved. In higher 
temperature ranges the decline in tensile strength resembles that of 
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Temperature 

Fig. 5. —The tensile strength ot cross-linked plastics against temperature. The 
typical thermosetting materials show a maximum 11 



Fig. 6 —The temperature variation of the tensile strength for a phenolic resm. The 
pure resin shows a maximum. 35 
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thermoplastic resins, and it is concluded that intermolecular 
forces of a secondary character are involved. As far as the primary 
valencies are concerned the mode of rupture must bring great 



Fig. 7.—The temperature variation of tensile strength for a reinforced phenolic 

resin.'' 5 



Fig. 8.—The temperature variation of the bending strength (max. fibre stress) for a 
phenolic resin. The pure resin shows a maximum.' 5 


stresses to bear on a few valency bonds and prevent them from 
redistributing the load. This appears to be an alternative formula¬ 
tion of Houwink’s 13 theory of flaws. Nevertheless, the fact that the 
decline in strength does not occur over the whole normal tempera¬ 
ture range with the thermosetting resins, together with the 
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possibility of compounding them with less temperature sensitive 
fillers (e.g. glass) makes them the most suitable plastic materials 



Fig. 9.—The temperature variation of bending strength (max. fibre stress) for a 
reinforced phenolic resin. 35 


where high static strength is required over a fairly wide range of 
temperature. 

Effect of Plasticizers and Substituent Groups 

Numerous experiments have been recorded on the effect of 
plasticizers on the tenacity of different plastics and the general 
character of the phenomena is not in doubt. Addition of plasticizer 
softens the resin and leads to a decrease in tensile strength. How¬ 
ever, the harmful effect of this decrease is generally more than 
compensated in use by improvements in flexibility and impact 
strength. Thus addition of plasticizer has a similar effect to an 
increase in temperature. 

Typical information may be obtained from papers by Gloor, 36 
Kirkpatrick 37 and Fordyce and Meyer. 38 A few typical figures for 
cellulose acetate and acetate butyrate taken from the last paper are 
given in Table III. 

These figures also illustrate a fresh but related property. If the 
same quantity of plasticizer is used for cellulose acetate and 
acetate butyrate films a softer material of low tensile strength will 
be obtained with the acetate butyrate. Thus the latter requires less 
plasticizer than cellulose acetate owing to the plasticizing action 
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of the butyl group—a property which is of value for weather¬ 
ing stability. A similar softening effect is observable in the 
series of polymers obtained from methyl, ethyl, and butyl metha¬ 
crylates; the figures quoted in Table IV are taken from a paper by 
Dittmar and Strain, 39 which also showed that the n-butyl is softer 
and of lower tenacity than the isobutyl methacrylate. 


Table IV. Mechanical Properties of Three Polymerized Methacrylates 



Methyl 

Ethyl 

Butyl 

Hardness number. 

220 

141 

1 

Tensile strength, lb./in. 2 

9,000 

5,000 

1,500 

Impact strength, kg./cm. 2 .. 

10-5 

7-1 

11*5 

Extension at break, % 

4 

7 

230 


Similar results for the tensile strength of cellulose tri-esters have 
been given by Sheppard and Newsome 40 (Fig. 10). An explanation 



Fig. 10.—The tensile strength of the cellulose esters obtained from normal carboxylic 
acids having different numbers of carbon atoms. 40 


has been put forward by Coumolous and Crisp 41 in the course of 
a discussion on a paper by Tuckett. 42 Short hydrocarbon groups 
are considered to extend on each side of the main molecular chain 
and so, to reduce the interaction between them, a conclusion 
which was supported by certain experiments on the force area 
relationship of unimolecular films. Thus flexible hydrocarbon side 
chains can act as an internal plasticizer. 
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With the ordinary types of plasticizers used with plastic materials 
the question arises: how much of any given plasticizer must be 
added to produce a specified effect on the mechanical properties? 
At present no adequate and accepted theory of plasticizer action 
exists, but one point has been emphasized by Jones. 43 He has 
shown that in the case of polyvinyl formals the tensile strength of 



Fig. 11.—The effect of varying humidity on the mechanical properties of cellulose 

ester sheeting. 14 


compositions containing equal parts of plastic and plasticizer 
gives a smooth curve when the results for different plasticizers are 
plotted against plasticizer viscosity. A similar correlation is shown 
by some Hycar synthetic rubber compositions. Jones also shows 
that, with plasticized polyvinyl chloride-acetate, a similar corre¬ 
lation exists between deformation properties and plasticizer 
viscosity. Such observations are a useful approach to an obscure 
problem. 

Besides specific plasticizers introduced to influence its properties, 
the tensile and other strength characteristics of a plastic may also 
be affected by the presence of varying amounts of residual solvents, 
or water vapour absorbed from the atmosphere. The importance 
of controlling humidity in strength tests may be illustrated by 
quoting results 14 with cellulose acetate and nitrate sheet (Figs. 
11 and 12). It will be seen that both materials absorb water from 
the atmosphere in quantities that increase markedly above 50 per 
cent humidity and at the same time the tensile strengths are steadily 

c 
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reduced. The general effect is similar to that of increasing the 
plasticizer content and also generally leads to a decrease in the 



Fig. 12.—The relation between relative humidity and moisture content for cellulose 

ester sheeting. 14 

stresses required to produce a particular deformation and an 
increase in the impact strength with cellulose derivatives. 


The Time Factor 

It is characteristic of plastic materials that when any static 
strength measurement is made the results obtained depend very 
much on the time allowed for fracture to take place. In some ways 
this behaviour is analogous to the problem of fatigue in metals, 
though, as pointed out by Bartoe and Frederick, 44 there is a 
distinct difference in the characteristic properties of the two groups 
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of materials. With metals the most damaging effects are observed 
as the result of vibrations and alternating stresses, whereas with 
'plastics the steady application of small loads is likely to have the 
more serious consequences. Naturally plastics are also affected by 
alternating stresses, but their behaviour under these conditions is 
not as straightforward as metals’. For example, Lazan 45 has shown 
that under oscillating stresses the work absorbed by a plastic 
material may bring about a temperature rise of 40° C. or more, 
and for this reason such results can only be properly assessed 
when temperature strength variations are also known. Also, since 
temperature changes will entail variation in the elastic constants 
experiments based on applying a repeated deformation to a plastic 
may lead to ambiguous results, largely dependent on cooling con¬ 
ditions of the test piece. Where resistance to alternating stress 
systems is vital it would therefore be advisable to base tests as far 
as possible on the actual parts and modes of operation likely in 
use; this property of converting kinetic into thermal energy is in 
many respects a useful one. 

With regard to the behaviour of plastics under a steady stress 
reference has already been made to the tensile strength of plastics 
being time-sensitive , and that in specifications definite rates of 
application of stress are laid down. No doubt comparison of 
specific results on this basis is satisfactory for many purposes, but 
the subject of time effects deserves more attention both in theory 
and practice. Firstly, any investigation of the effect of different 
variables on the strength of plastics should preferably be carried 
out at a series of times so that the conclusions reached are not 
themselves time-sensitive. For instance, if the short-time strength 
of plastics eventually proves to be much larger than that obtained 
by experiments made at the normally specified rates, then this 
property must be considered in the relation of theoretical and 
experimental tenacity. Secondly, tensile tests for use made at a 
standardized rate will only give a true comparison of the value of 
the two plastics if the degree of time sensitivity of the two 
materials is the same or if the times involved in use and testing 
are similar. 

Investigations of the time factor have been carried out on 
thermoplastic materials by Findley, 46 Couzens and Wearmouth, 47 
and Haward. 30 - 48 In experiments covering polyvinyl chloride, 
cellulose nitrate and plasticized cellulose acetate, all these workers 
agree that their materials have a limiting upper value of tensile 



28 


THE STRENGTH OF PLASTICS AND GLASS 


strength at which they tend to break at short times of rupture. 
This property is illustrated in log. breaking time curves (Fig. 13). 
In such cases it is clear that at least one tensile stress, namely: 



Fig. 13.—Logarithmic curves showing the fracture of plasticized cellulose acetate 
film under constant load. 30 

the extrapolated short time breaking stress, exists which is 
essentially time independent and to which theory can be directed 
in the absence of a full understanding of the breaking time curve. 
However, the theory of these curves has hardly yet begun to be 
developed. The work of Busse et al. already quoted relates breaking 
time and temperature but makes no reference to stress. A semi- 
empirical explanation of such a stress-time curve was put forward 
by Haward, on the assumption that the process of rupture was a 
continuous one in which the short-time strength of the material 
was gradually reduced under the operation of the stress. His 
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cellulose acetate whitened at slow breaking times, in line with the 
theory and suggesting that small holes may be torn in the material 
as it breaks. A feature of these cellulose acetate films, and also of 
those investigated by Findley, 46 was that the deformation at 
break in times of the order of a minute was greater than that 
obtained when the material was broken in periods of an hour, but 
Lawton et al., 14 also working with cellulose acetate, obtained 
contrary results. So it is obvious that few generalizations can be 
made. Although much published work agrees on the tendency to 
a definite breaking stress at short-times with a number of thermo¬ 
plastics, some unpublished experiments by the author on cellulose 
acetate butyrate have yielded no evidence of such a limiting stress 
down to breaking times of a few seconds, and nor does the work of 
Lawton et al. 14 covering a limited time ratio of 100 : 1. 

In thermosetting materials there is little doubt that time-sen- 
sivity also occurs. Experiments, mostly with laminates, have been 
reported by Chasman, 49 and Gailus and Telfair, 50 who find that 
the stresses necessary to cause rupture in 1,000 hr. are 67 per cent 
or less of those occurring in the ordinary A.S.T.M. tensile test. 
No evidence suggesting the existence of an upper limit of tenacity 
at short times was obtained. 

The time-sensitivity of a material has an important influence on 
the degree to which its properties are dependent on its previous 
history. In at least one case, previous treatment yielded very drastic 
results. 48 A piece of cellulose acetate was subjected to a load under 
which it normally extended and broke during a period of 7 minutes. 
Other pieces were then subjected to the same load under the same 
conditions for shorter periods, when they suffered deformation 
without fracture. These pieces were then warmed at 60 to 70° C. 
for 10 minutes when their deformation disappeared. They were 
then again subjected to the same load. This time they broke in a 
shorter time, such that the sum of the two loading times came to 
about 7 minutes. These results show that the damage done by a 
stress may not be removed when the deformation caused at the 
same time by the same stress is eliminated. It also seems that in 
this case rupture and deformation were two independent processes. 

Bending Strength 

When a long beam of a rigid isotropic material, which obeys 
Hooke’s law, is simply supported at each end and broken under a 
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centrally applied load, normal to the surface of the beam, the 
highest tensile stress in the material is underneath the beam, 
opposite the point of application of the load, and is given by the 
relation: 

2>P1 

Bending strength =f B ■= 

where l,b,h are the length, breadth and thickness of the beam and 
P is the load required for fracture. This quantity f B is variously 
known as the bending strength, flexural strength, or modulus of 
rupture of the beam. The bending strength is a stress, and is in 
principle the same as the tensile strength, though in actual tests 
different and usually higher figures are obtained. The difference 
may be ascribed to the following causes: 

(1) The beam is not a long beam as assumed in the simple 
theory of bending. 

(2) The deflection of the beam at fracture is larger than the 
theory assumes. 

(3) The material of which the beam is made does not obey 
Hooke’s law. 

(4) The volume of material subject to the maximum stress is 
smaller in a bending than in a tensile test. 

The first three all have one point in common, namely: the stress 
deduced from the above formula does not correspond with that 
actually present in the material when fracture takes place. On the 
other hand the last factor represents a genuine property of the 
material which may give rise to a variation between bending and 
tensile tests even when the simple bending relations are strictly 
obeyed. 

The divergence of the first factor from the simple theory arises 
from the fact that the beam is not long in comparison with its 
thickness, and from the effect of shearing forces not considered 
in the simple bending treatment. In general, it seems that the 
effect of these shearing forces is small when the span-depth 
(length-thickness) ratio is greater than 10 : 1. For instance, 
Zinzov 51 has suggested that beams may be regarded as long when 
the span depth ratio is above 8:1, while Timoshenko 52 presents 
two methods of allowing for the shearing forces in calculating the 
deflection of beams under central load and finds that this deforma¬ 
tion will be increased by the factors (1 +3-9 A 2 // 2 ) and 
(1 + 2-85 /i 2 // 2 — 0-84 h*/P) in each case. Thus the expected 
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departure of the deformation from that predicted by the simple 
formulae are less than 4 per cent when hf is less than 1/10. Finally, 
whenever the deformation of a beam is used as a method of 
measuring the elastic constants of the material allowance must be 
made for deformation at the point of loading; but this is not so 
important in connection with the calculation of the maximum 
bending stresses which are on the opposite side of the beam. 

A quite different source of error can arise when the beam is of 
the opposite sort, i.e. particularly long and thin. In this case, there 
is a tendency for the beam to give large deflection (.second factor), so 
that it cannot be regarded as rigid and gives a deformation which is 
large compared with the thickness and even comparable with the 
length. The theory of stresses and deformations here has been con¬ 
sidered by Freeman. 53 His results show that for a material obeying 
Hooke’s law the departures from the simple theory of bending are 
more serious as regards the deformation of the beam than the 
bending stresses. For example, where the ratio of the deformation 
obtained over the length is 0-24 the error expected in using the 
simple theory to calculate the deformation is 14 per cent, whereas 
that in the calculation of the bending strength is 0-6 per cent. Thus 
it may be assumed that large deflections in simply supported 
beams are not likely to cause serious errors in the calculation of 
bending stresses, except in combination with other sources of 
error. 

The third factor, that of the material not obeying Hooke’s law, 
is undoubtedly of the greatest importance, especially with thermo¬ 
plastic materials as these are characteristically capable of large 
deformations not even approximately proportional to the applied 
stress. With some of these plastics the effect is that a small increase 
of the stress in the range of stresses required for fracture can lead 
to a large increase in the amount of the deformation. Under such 
conditions it is likely that large deformations in the most highly 
stressed portions of the beam will lead to the distribution of the 
tensile forces over a much larger area of the material than assumed 
in the simple theory, and therefore to high values of the calculated 
bending strength. 

Finally remains the fourth factor, the question of the volume of 
material subject to a high stress. Any material in which the stress 
required for fracture is determined by the existence of flaws or 
heterogeneities, is also likely to be size-sensitive with regard 
to its fracture stresses. This problem is very important in con- 
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nection with the behaviour of glass, concrete, and cast iron, but 
theories have also been put forward suggesting that the strength 
of plastics, especially the thermosetting type, 13 is also dependent 
on the existence of flaws. Should such theories prove correct they 
will also throw light on the problem of bending strength. 

In view of the many factors involved it is hardly to be expected 
that the results obtained from bending tests will be the same as 
those found in tension. Indeed the various doubts and errors 
involved are held by de Bruyne 54 to be so large that he considered 
the results of bending strength measurements had little meaning 
with plastics. Nevertheless since actual materials are frequently 
broken in flexure under service conditions the practical worker 
needs to utilize some bending tests even when the results are only 
of minor theoretical interest. It is therefore important to note that 
results of all the three major factors influencing the results of 
bending tests (factors 1, 3 and 4) are such as to cause the bending 
strength as normally calculated to be above the tensile strength. 
Typical examples of such normal behaviour are included in Tables 
II and III, but such figures throw no light on the source of the 
differences obtained. 

More systematic investigations of this problem have been 
carried out by Zinzow 51 and by Schoenborn, Proctor and 
Carvajal. 55 Experiments were made in which the length of the 
beam was varied to give differing span-depth ratios using a beam 
of constant depth, and it was found that the calculated flexural 
strength normally decreases with increasing length. Since the 
range of span-depth ratios covered in these experiments was 
mostly below 10 : 1 the effects were correlated with the first of the 
factors mentioned, namely: the effect of the beam having an 
appreciable depth. 51 With regard to the deformation of these 
beams it was found that the apparent modulus of elasticity (after 
correction for indentation when necessary 51 ) increased as the 
span-depth ratio was raised; as predicted by Timoshenko 52 
shorter beams deformed more easily than the simple bending 
relations predicted. This behaviour occurred even when the elastic 
modulus of polystyrene was calculated for small deformations and 
did not therefore seem to be connected with departures from 
Hooke’s law; thus there seems no reason to doubt that the use of 
short beams in a bending test does lead to results which are 
appreciably affected by the action of shearing forces. 

Naturally these investigations on the effect of the span-depth 
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ratio do not throw much light on the other two factors which may 
be expected to influence the results of a bending test. These other 
factors do not seem to have been the subject of much experi¬ 
mental work, but some results obtained by Bums and Werring 56 
in which the bending strength of a cellulose acetate plastic 
increased as the temperature was raised from 23 to 49° C. point 
to the action of the third factor, namely: departure from Hooke’s 
law in deformation. Cellulose acetate is a plastic known to be 
capable of large non-ideal elastic deformations which are more 
easily developed at higher temperatures. On the other hand an 
actual increase in the stress required to fracture this material 
seems most unlikely in the temperature range of the tests. The 
results can therefore be interpreted as due to a greater redistri¬ 
bution of the stress at higher temperatures. 

It is important to realize that a general parallelism does exist 
in many cases between the various sorts of static strength measure¬ 
ment (Figs. 6. 7, 8 and 9). The behaviour is qualitatively similar; 
for instance the pure phenolic resin gives a maximum in the same 
temperature range both in bending and tension, and the two filled 
materials show a steady fall in strength with temperature in 
each case. On the other hand the effects are not the same 
quantitatively, the effect of temperature changes being less drastic 
on bending strength than on tenacity. Such results may be looked 
upon as characteristic of the harder types of plastic material to 
which the bending test is most frequently applied. Where a plastic 
is of the soft and flexible type no sensible measurement can be 
made on the lines of the ordinary bending test discussed above. 

Shearing Strength 

The fracture of a plastic material may occur in more than one 
way. In particular, the process can be envisaged either as a separa¬ 
tion of the material along lines of tension, or as a movement of 
parallel planes under the action of shearing forces. Actually it is 
not easy to be certain of the precise mode of fracture in any given 
test, since both tensile and shearing stresses are generally present. 
In some bending tests fracture may take place under shearing 
forces, as when the separation of planes in a laminated material is 
observed. It is therefore the object of testing procedure to devise 
tests in which either the tensile or shearing forces will be the 
larger. A test is given in B.S. 1137: 1943 of shearing forces for 
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synthetic bonded paper sheets. Other methods have been devised 
by the A.S.T.M. 57 


B.S.I. Method of Test 

The apparatus used in the test consists of a circular punch and 
die (Fig. 14). The punch is to be a running fit in the die. The 

dimensions of the specimen 
shall be 3 x fin. and of any 
thickness up to { in. In carrying 
out the test the load is increased 
so as to reach the specified 
shearing stress in approxi¬ 
mately 2 min. and the shear is 
calculated from the formula 


fs = 



2 bhK 


f s = Shear stress in lb./in. 2 
P = Shearing load in lb. 
b — Width of specimen in in. 
h — Thickness of specimen 
in in. 

K — 1-016 to allow for curva¬ 
ture of sheared surface. 


As stated above shear 
strength has not been measured 
as frequently as tenacity. With 
phenolic materials the work of 
Cox and Pepper 58 indicates that, 
whereas the shear and tensile strengths of an unreinforced phenolic 
resin are about the same, when a paper filler is used the tensile 
strength alone is greatly increased. Using cellulose derivatives 
Lawton et al . 14 obtained generally lower values in shear than 
in tension, especially at low temperatures. 


Fig. 14.— The apparatus used for the 
B.S.I. method for testing the shear 
strength of plastics. 


Compressive Strength 

The compressive strength of a material represents the one 
dimensional compressive stress which it can stand for a specified 
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time without rupture. Methods of measurement include the 
compression of a 1 in. cube (B.S. 1137: 1943) or a right cylinder 
12 mm. long X 12 mm. diameter (B.S. 903: 1940 for vulcanized 
rubber) for 1 min. Both these specifications also stipulate that the 
material must not yield more than a definite amount, and in this 
respect they test deformation as well as static strength. As far as 
rupture is concerned, breakdown may occur by delamination in 
the case of laminated materials or by the action of shearing forces 
at 45° as noted by Barron. 59 Where this occurs the measured 
compressive strength should be equal to half the true shear 
strength of the material, since any compressive force may be 


Table V 


Material 

Compression 

strength 

Shear strength 

Ratio 


f c lb /in 2 

f, lb /in 2 

fcif. 

Batch No. 202414 

13,306 

6,504 

204 

Batch No. 173414 

14,810 

7,739 

1 1*92 

Batch No. 172412-3 

14,896 

7,436 

2 00 

Batch No. 252411 

11,200 

6,469 

1*67 

Batch No. 202412 

6,720 

3,495 

1*93 


resolved into shearing forces of half its magnitude acting at 45°. 
An example of failure under shear in a compression test is given 
on Plate XII. 

A similar type of behaviour is common with metals, where it 
has, however, been found that the line of slip is not always at 45° 
to the direction of the compressive forces, but differs by an angle 
of <f>/ 2 where tan <f> — ^ the coefficient of sliding friction. 60 In 
such cases the shearing stress under which fracture occurs will not 
be half the compressive stress and the compressive strength will 
be given by the relation 

Compressive strength =f c = 2f s tan (45 + <f>h) 

Thus in general the compressive strength of a material is only 
equal to twice the shear strength when these frictional effects are 
small. However, since not much is known about these frictional 
forces with plastics it is of interest in the first place to compare shear 
and compression tests to see whether a 2 : 1 relation is followed. 
Direct comparisons of shear and compressive strengths may be 
made on the basis of test results supplied by Messrs. Catalin Ltd., 
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and carried out by the Sheffield Testing Works on cast phenolic 
resins. The form of the break under compression was that of 
vertical splitting, which did not of itself suggest shear. On the 
other hand the quantitative relations between the results was 
satisfactory (Table V). 

Figures showing agreement in the case of similar unfilled resins 
are also given by Smith, 61 though he gives other figures for filled 
materials in which shear and compression do not appear to be 
simply related. 


Effect of Exposure to Atmospheric Conditions 

It may be noted here that the static and also other strength 
properties of plastic materials are, in general, liable to deteriorate 
on exposure to atmospheric conditions. These effects have been 
investigated by Lawton and Nason 62 on certain cellulose deriva¬ 
tives where they are particularly severe. They showed that the 
changes were more drastic in a sub-tropical than in a temperate 
climate, but even in the latter the tensile strength of cellulose 
nitrate sheet declined from 6,000 to 1,500 lb./in. 2 in 6 months’ 
exposure, and cellulose acetate showed a reduction from 5,500 to 
5,000 lb./in. 2 in 12 months. Other strength properties showed a 
parallel decline, except the modulus of elasticity which showed a 
slight increase with the nitrate and a considerable increase with 
the acetate, probably due to the leaching out of the plasticizers. 
This was one important aspect of the weathering process. Sub¬ 
stantial degradation of the cellulose molecule also occurred, 
notably with the nitrate, and this effect was more drastic in the sur¬ 
face layers than in the bulk of the sheet. Other changes included 
shrinkage, ester hydrolysis, and the release of delayed elastic 
deformations frozen in the material at the time of its manufacture. 
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CHAPTER III 


THE STATIC STRENGTH OF GLASS 


Statistical Methods 

plastic materials show noticeable variations from one specimen 
to another when similar test pieces are broken under static forces, 
but the extent of such variations is, in general, comparatively 
small, so that significant results may often be obtained from the 
average of three or four tests or even from a single test. Such 
variations are invariably large and are inherent in glass. It is at 
present impossible to predict the strength of a particular piece of 
glass, except within very wide limits, and only the average obtained 
from a large number of strength measurements has real meaning. 
However, even an average strength figure does not alone sufficiently 
characterize the property measured since it is also necessary to 
know the degree of scatter to be expected in the results, i.e. the 
extent to which individual measurements are likely to depart from 
the mean. Thus adequate measurements of the strength of glass 
are inseparable from the characteristics of statistical procedure 
and the full implications of this variability must be appreciated 
before any attempt can be made to apply the conclusions reached 
from experimental work. However, only a few relatively simple 
facts about statistics need to be known, and these are easily 
acquired. '• 2> 3 - 4 

As a result of strength measurements on a group of glass 
specimens, therefore, two quantities will be obtained; e.g. if f B 
the bending strength is measured, it will be accompanied by a 
figure for the standard deviation s, or the coefficient of variation v 

iy ~ j x 100%^- The degree of scatter indicated by these 

quantities may be illustrated by the fact that about one in twenty 
of the observations will be expected to lie outside the ranged ± 2s, 
provided the distribution is a normal one. However, it is un¬ 
certain whether normal distributions are obtained with ordinary 
strength measurements on glass, though with fibres a Gaussian 
distribution has been reported by Jurkov, 5 but this is generally a 
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relatively minor consideration in view of the other errors to be 
expected. 


The Mode of Fracture of Glass 

There is now wide agreement that glass breaks only under 
tension, and this leads to a notable simplification in its strength 
relations. For instance, Morey 6 states: “it is probable that in all 
the various methods of applying stress to glass, fracture always 
takes place under tension,” and since his book was written the 
conclusion has been further reinforced. Weibull 7 made experi¬ 
ments on the application of stress to a circular hole in a plate and 
showed that the results could best be explained on the assumption 
that glass broke under the action of the maximum tensile stress or 
strain, and Poncelet 8 has shown, in experiments on the cracking of 
glass compressed in one dimension, that cracking occurs from the 
tensile stresses, arising from the state of strain. An apparent 
contradiction occurs when a plane glass surface is subjected to a 
small concentrated force and small ring cracks are formed round 
the circle of contact of the two objects, as reported by Raman, 9 
but this mode of rupture has been investigated by Preston 10 and 
shown to confirm the view that glass breaks under tension. The 
phenomenon of ring cracks is not held to invalidate the theory 
that glass breaks in tension alone. 


The Theory of Flaws 

It is also widely accepted that the strength of glass is conditioned 
by the existence of flaws or weak points in the material. Here, 
three distinct lines of evidence support this view. 

(1) The strength of massive glass as measured by bending or 
tension experiments is much less than that predicted by any 
theory which assumes that the strong intermolecular forces 
co-operate in a regular way. 

(2) The strengths of similar pieces of glass broken in the same 
way vary widely, and only the average of a number of experiments 
is of any. significance. 

(3) Strength is easily affected by the treatment of the material, 
particularly by factors affecting the condition of the surface. 

In a classical paper on the strength of glass in the massive and 
fibrous states Griffith 11 put forward the flaw theory, basing it 
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largely on the considerations (1) and (3). He showed that glass 
should have a theoretical tensile strength which he derived from 
its heat of vaporization of about 10 6 lb./in., 2 but found that the 
practicably measurable strength with large pieces was much lower. 
With fibres, however, markedly higher tenacities could be obtained 
and he found that with fibres 0-000115 in. thick a tensile strength 
of 491,000 lb./in. 2 was reached. Another interesting property was 
that measurements of the fibre strength immediately after the 
formation of the fibre gave even larger values of the tensile 
strength. It appears that such freshly formed glass surfaces 
deteriorate on keeping under normal conditions. 

Griffith then went on to consider the character and mode of 
action of flaws in the glass; he applied the theory of stress con¬ 
centration put forward by Inglis 12 to the problem of the effect 
of small cracks in the surface, and showed that the “theoretical” 
strength of glass could be reduced to that observed in practice 
by a scratch 5 x 10~ 4 in. long. Actually the strength value he 
used was seriously high (1,700 kg./cm. 2 ) and the scratch length 
to account for normal bending strengths should be larger than 
this. Finally, he set out to analyse the mode of rupture of glass 
containing scratches on its surface and made strength measure¬ 
ments using glass tubing that had been weakened by cracks of 
varying size. In his theoretical analysis he discussed the hypothesis 
that rupture was limited by the formation of a new surface which 
must take place by steps, all of which lead to a decrease in potential 
energy, and he obtained a relation in which the surface tension 
of freshly broken glass entered as a factor in strength. Thus the 
bending strength was represented by the relation 



where E is the Young’s modulus of elasticity 
y the surface of tension 
a Poisson’s ratio 

c half the length of the largest crack. 

By comparing the results given by his experiments with those 
predicted from this relation, and using a value for the surface 
tension of glass extrapolated down from experiments made on 
molten glass at different temperatures, he found that f B \/c 
actually gave a mean value of 239 compared with a theore tical 
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value of 266. Using the same theory, he estimated the tensiJe 
strength at the head of the crack, where rupture actually took 
place at 344,000 lb./in., 2 compared with a normal bending strength 
of less than one-tenth of this in apparently undamaged specimens. 


Effect of Surface Treatment 

The theory of flaws receives further support from experiments 
on the effects of edge and surface treatment. An early attempt 
was made to eliminate these points of weakness by setting the 


Table VI. Effect of Edge Treatment on the Bending Strength of 

Glass Beams 


Treatment 

Bending strength 

Coefficient of 
variation 


kg./cm . 2 

% 

Diamond cut edges in tension 

673 

14-8 

Diamond cut edges in compression 

974 

140 

Edges ground mechanically on a stone 

889 

9-7 

Edges ground and pumice polished 

1,056 

113 

Fire-finished after cutting. 

1,033 

18-8 


surface of the glass in strong compression and so to measure the 
“theoretical” strength of glass breaking internally in a bending 
test. Thus Littleton 13 showed that the bending strength of such a 
“toughened” bar could be doubled as compared with the original 
untreated material, but the bending strength obtained was higher 
in those cases with a higher initial compression and it was not 
established that the glass was breaking internally. 

Some interesting experiments on the effect of edge and surface 
treatment on the bending strength of glass beams have been made 
by Holland and Turner, 14 who broke groups of beams which had 
been subjected to varying processes (Table VI). 

Clearly the strength can be greatly improved by suitable treat¬ 
ment, which may be presumed to modify the surface flaw pattern 
of the glass. On the assumption that the glass was weakened by 
the presence of small cracks, they examined the visible depth of 
the cracks obtained under differing conditions and plotted the 
relation between depth and breaking strength (Fig. 15). 

These results, as presented by Holland and Turner with a linear 
dependence of strength on scratch depth, are not in agreement 
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with the equation of Griffith; the apparent contradiction could 
be resolved by distinguishing between the visible flaws of Holland 
and Turner and the small cracks, whose length is only indirectly 
related to them, which actually determine the strength of the glass. 
It will be seen that Holland and Turner’s observations separated 
into two groups, according as to whether only the sides, or both 
the sides and edges, were subjected to a specified treatment, and 
viewed thus the relation 
between measured crack 
depth and bending 
strength appears to be 
approximately linear. 

Both lines tend to a 
value of about 1,000 
kg./cm. 2 when no visible 
cracks are present, but 
it is also found that 
under these conditions 
there is no observable 
tendency for the break¬ 
ing of the glass to 
become more uniform, 
i.e. for the coefficient 
of variation to decrease. 

This result suggests 
that flaws still determine 
the rupture properties 
even when they cannot be readily seen. It appears that 1,000 
kg./cm. 2 is the order of strength to be expected when a massive 
soda-lime-silica glass is broken by a straight forward bending 
system at a polished or fire-finished surface with no visible flaws. 
For instance, a pane of glass can be broken at the centre by 
simply supporting it and subjecting it to a central load, when the 
maximum bending stress is given by the relation 15 

/’(max.) r 2 a 1 

fs = [(1 + o) (0-485 log ,0 — h + 0-52) + 0-48J 

where P (max.) is the maximum central load 

h the thickness 

a the length of the side of the square pane. 



Depth of Penetration of Flaws m mm 

Fig. 15. — The relation between the bending 
strength of a glass beam and the visible depth 
of the cracks at the edges. 14 
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In this way Haward 16 found values of 1,000 to 1,360 kg./cm. 2 
for the bending strength of sheet glass in agreement with earlier 
experiments by Graf. 17 Experiments by Mangier 18 have shown 
that the direction of drawing in sheet glass has little effect on the 
tensile strength of specimens cut parallel and normal to the 
direction of drawing. 

Apart from the effects of grinding and polishing, the bending 
strength of glass can be affected in many other ways. Jurkov 19 
has shown that the strength of silica glass fibres baked out and 
broken in vacuo is 31 to 41 times greater than in air, and Preston 20 
has reported that with large humidity changes considerable 
changes in strength occur with massive glass. Other experiments 
by Boow and Turner 21 have shown that under certain conditions 
the sulphur dioxide present in furnace gases can have a favourable 
effect on strength, while Jurkov 5 has shown that strength is 
improved by etching the surface of the glass by hydrofluoric acid. 

There has been a good deal of discussion as to the reality or 
otherwise of the cracks required by Griffiths to account for the 
measured strength of apparently undamaged glass. Some attempts 
to find them by microscopic methods or by the absorption of 
anthracene from benzene solutions 22 failed, and though Andrade 
and Tsien 23 showed that lines of preferential absorption of sodium 
vapour existed on glass surfaces, and increased markedly in the 
first 48 hours after the surface was formed, i.e. the period Griffith 
reported a decline in fibre strength, the precise significance of 
their results is open to doubt. Poncelet 8 has suggested that the 
flaws only come into existence after the application of a stress, 
but this hypothesis also awaits confirmation. Obviously it is 
possible to conceive of the narrow cracks suggested by Griffith, 
which, though wide compared with intermolecular forces, are too 
narrow to be detected by microscopic examination, but until their 
existence is proven the precise nature of the flaws or molecular 
disarrangements which limit the strength of massive glass must 
remain uncertain. 


Strength of Massive Glass as a Function of Form and Size 

It is a necessary consequence of the theory of a wide variation 
of flaw severity in glass that a particular strength value cannot 
be assigned to a particular type of glass. If specimens of the same 
glass having different dimensions are broken, the bending or tensile 
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strengths will be found to vary. This property has been shown 
experimentally by Holland and Turner, 14 who demonstrated that 
the bending strength of a glass beam depended upon the width, 
and others 16 ’ 24 have shown that bending strength is decreased as 
the thickness of a beam or plate is increased. In tensile tests 
Smekal 25 has established a similar effect with rods of 0*3 to 
4’0 mm. 2 cross-section. 

The work of Holland and Turner is included in a general survey 
of the strength of glass by Bailey, 26 who puts forward a theory 
of the strength-area relation, i.e. a theory relating the measured 
strength of a glass specimen to the area of the glass surface under 
stress. This theory is based on four point bending tests on 103 
glass rods whose breaking yielded the following figures under the 
usual statistical treatment (Table VII). 

Table VII. Strength of the Standard Rods chosen by Bailey 

Mean bending strength . 11,350 lb./in. 2 

Standard deviation (a) .. .. 1,623 lb./in. 2 

Standard error of mean . 160 lb./in. 2 

Rate of application of stress. 3,200 lb./in. 2 /min. 

Bailey then considers the case of a rod under tension which 
breaks when the strength of its weakest flaw (f T a) is exceeded. 
If, however, the rod were broken in half and the two pieces broken, 
one piece containing the weakest flaw would break at a stress f T a, 
the other at a higher strength f T b. The average strength of the 
two rods will be 

l (fr a 4 frb ) >f r a 

Similarly if the rod were cut into n pieces the strength would be f T 

where f, ( f T a + f T b -f- f T c + . . .) 

and f T a </ 7 b </ 7 c 

Also for the n pieces the average stressed area will be 


(2 7 tR) 


R — radius of the rod of 
length L. 


’•e. as n increases A decreases and the average strength increases. 

Bailey then shows that if two glasses have the same flaw pattern 
but are broken with differing areas under stress, the results may 
be related statistically. 
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For instance, if in the case of the standard group of rods the 
glass had been broken with twice the area under stress, the result 
would be the same as if the rods had been averaged by choosing 
the weaker rod out of pairs chosen at random, and similarly for 
larger groups of rods. Mathematically this problem is the same 
as that of calculating the strength of chains of a given length made 
up of links of differing strength, when the strength of the whole 
chain is that of the weakest link. Bailey takes his rods and calcu¬ 
lates what the strengths would be if the weakest rods out of groups 
of varying size were chosen; this corresponds with breaking glass 
of the same flaw pattern with increasing surface areas under stress 
(Table VIII). 


Table VIII. Strength of the Weakest Rod in a Group 


Equivalent to in - 
creasing surface 
area under stress 


Number of rods 
in group 

Average strength of 
weakest rod 

Remarks 

1 

11,350 

Average strength in tests 

2 

10,424 

Calculated 

10 

8,805 

Calculated 

50 

7,480 

Calculated 

103 

6,895 

Lowest value found 


In order to correlate the strength-area relation for different 
experiments with the same flaw pattern two further steps must 
be taken. Firstly, an assumption must be made to enable the area 
under stress to be measured, and for this purpose Bailey chooses 
that area where the stress is above 96-5 per cent of the maximum 
stress. Secondly, an empirical method based on the results of 
Black 27 is used to eliminate the effect of different rates of stressing 
at the apex of the weakest flaw. In this way he calculates the 
strength of Holland and Turner’s glass 14 if it had the same type 
of flaw pattern as his rods, and shows that differences in their 
results are partly to be explained by differing rates of stressing. 

Nevertheless, although Bailey’s theory appears to be successful 
in dealing with the case of bending and tensile tests with massive 
glass, he shows, by analysing the results of Gooding, 28 that an 
extrapolation of his strength-area relation cannot account for the 
high strength of glass fibres except in the case of the thickest and 
weakest samples. This is in agreement with Murgatroyd, 29 who 
concluded that the behaviour of fibres was fundamentally different 
from that of massive glass. 
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However, this point of view is not accepted by Preston, 30 who 
made experiments on small areas of massive glass in which bending 
strengths of ca. 10,000 kg./cm. 2 were obtained. These results are 
described in Chap. V, and, in conjunction with Bailey’s observa¬ 
tions, they suggest that the area strength relation for very small 
areas cannot be readily deduced from larger scale experiments. 

The theory put forward by Bailey, 26 which was worked out for 
the specific case of glass, has much in common with Weibull’s 
Statistical Theory of the Strength of Materials . 31 As with Bailey, 
the dispersion of results obtained in strength measurements is 
made the basis of a theory relating the size of the test piece to 


Table IX. Comparison of the Results of Holland and Turner with those 

PREDICTED BY THE THEORY OF BAILEY 


, 

2 

3 

! 4 

Width of test 
pieces 

Strength of Bailey’s rods if 
they had been of such a size 
as to have the same stressed 
area as in Holland and 
Turner’s experiments 

Col. 2 corrected for the 
different rates of stress¬ 
ing used by Holland 
and Turner 

Experimental figures 
obtained by Holland 
and Turner 

cm. 

lb./in. 2 

lb./in. 2 

lb./in, 2 

0*40 

14,500 

18,400 

18,400 

0-485 

14,100 

17,400 

17,400 

0-73 

13,500 

16,100 

15,800 

0-775 

13,400 

15,900 

14,600 

0-945 

13,100 

15,200 

14,100 

1 19 

12,700 

14,400 

13,300 


the probability of rupture under a given stress distribution. In 
this case, however, the volume, v, of material under stress is made 
the basis of computation, and an attempt is made to relate the 
probability of fracture p to the applied stress pattern by a relation 
of the following form: 


log (1 -p) = - 

J r 

and it is further found empirically that in a number of cases a 
function F (S) of the following form may be applied: 


F (S) — 


(s - s„r 

s 0 


where S u , S 0 and m are constants of the material. Thus the size 
dependence of the strength of glass may be seen in relation to 
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the behaviour of other materials. For example, the case of cast 
iron, taken from the work of Campbell, 32 is illustrated in Table X. 


Table X. Tensile Strength of Various Sizes of Cast-iron Bars 


Diameter, in. 

Tensile strength 

Nominal as cast 

Reduced section 

0-25 

0*1875 

lb./in 2 

50,800 

0-375 

0*253 

38,100 

0*625 

0*400 

32,200 

0*875 

0*505 

26,000 

1 *20 

0*80 

23,000 


Another instance of this type of material is furnished by con¬ 
crete. Here again there is a marked dependence between the size 
of the sample and the average value obtained in strength measure¬ 
ments. In this case a theory has been developed by Tucker, 33 who 
makes use of Tippet’s tables 34 relating the probability of the 
occurrence of extreme individuals in samples of a normal popu¬ 
lation. In this way Tucker estimates the strength of large pieces 
of concrete from experiments based on the breaking of a number 
of smaller specimens. 35 

From these examples it is clear that variations in strength 
measurements with the size of the samples under test are of wide¬ 
spread occurrence and may well prove to be of more general 
application than is at present realized. The differences in the 
present theories, apart from the question of relating the occurrence 
of the weakest link to the volume or the surface area of the sample, 
are a question of mathematical treatment rather than of funda¬ 
mental approach, and similar qualitative predictions are made in 
all cases. For instance, it is to be expected that with any size 
sensitive material, if like samples are tested in bending or tension, 
the bending tests will give the higher results, since in this case the 
area (or volume) under maximum stress is smaller than in tension. 
This result is normally obtained with glass. 

Effect of Composition on Bending and Tensile Strength 

The most systematic experiments on the effects of composition 
on strength have been carried out by Gehlhoff and Thomas, 36 who 
made bending and tensile strength measurements with glass rods 
and also crushing strength determinations on polished glass plates. 



0 


JO 20 30 

Proportion of K 2 0 orNa 2 0, percent 

Fig. 16.—The effect of the addition of alkali oxides on the tensile strength of standard 

soda glass rod. 36 



Fig. 17.—The effect of certain metallic oxides on the tensile strength of standard 

soda glass rods. ,(> 


<n 3 ‘0 
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Proportion oPK 2 0 orNa 2 0 , per cent 


Fig. 18.—The effect of alkali oxides on the bending strength of standard soda glass 
rods. 36 (Actual figures should be multiplied by 8.) 3 ? 
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They took as their starting point a glass of composition 0* 18 Na z O, 
0-82 §i0 2 , and investigated the effect of replacing Si0 2 by poly- 
basic oxides, the effect of Na z O and K 2 0 on silica being investi¬ 
gated separately. Their results for certain oxides (Figs. 16, 17, 
18, 19) illustrate the considerable increase in strength when CaO 
is introduced. The results show higher values for bending strength 
than tensile strength, but Greene 37 has shown that the figures for 
bending strength must be multiplied by 8, and when this correction 



Fig. 19.—The effect of certain metallic oxides on the bending strength of standard 
soda glass rods. 36 (Actual figures should be multiplied by 8.) 37 


is made the usual higher results for bending, as against tensile 
tests, are obtained. 

Earlier experiments on the effects of varying composition have 
been carried out by Winkelman and Schott, 38 and a more detailed 
discussion of the whole topic is given by Morey. 6 

Effect of the Rate of Application of Stress on Static Strength 

It has been clearly established that the results obtained in 
bending or tensile tests strongly depend on the rate of application 
of the stress or upon the time in which the glass is broken. This 
appears to apply to many different methods of testing at normal 
temperatures. The most complete range of results, covering, a 
factor of 10 7 in time, has been published by Preston 20 (Fig. 20). 
Over this wide range of time the bending strength increases by a 
factor of slightly more than 3, a result in general agreement with 
bending experiments by Graf, 39 Preston, 40 Holland and Turner, 41 
and Black. 27 This time effect on static fatigue is not confined to 
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any particular type of test, and the existence of similar phenomena 
has been demonstrated by Haward 16 for panes of glass under 
central load, by McCormick 42 for the bursting of glass bulbs, and 
by Apelt 43 for tensile tests on glass rods. 

The occurrence of such a time factor has naturally led to 
numerous attempts at explanation and correlation, though a 



Fio. 20.—The effect of the fracture time on the bending strength of soda glass and 

porcelain. 20 


satisfactory and generally accepted theory does not yet exist. In 
these circumstances purely empirical descriptions may be extremely 
useful, and for this purpose both Harries 44 and Holland and 
Turner 41 have put’forward equations of the type 


Strength proportional to 



where y is empirically determined. 

Harries obtained an average value of 11-9 for y from the 
consideration of a group of published results, and Holland and 
Turner derived a figure of 12-8 from their own experiments. There 
seems no reason to doubt that the effect of time in the breaking 
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of a soda-lime-silica glass can be roughly represented by a relation 
of this type, which may be employed as a useful approximation 
for practical purposes. However, a more thorough theoretical 
understanding of the whole process of rupture is needed, particu¬ 
larly as the existence of an unexplained time element introduces 
an element of doubt into other strength measurements. An 
important difficulty here is that, although the existence of a time 
factor in the breaking stress has been very widely observed, no 
agreement exists as to whether or not a slow deformation of 
massive glass always occurs simultaneously at ordinary tempera¬ 
tures. 45 As an example of the differing points of view, Preston 20 
holds that the viscosity of glass is so high that no real meaning 
can be attached to it; slow deformations are therefore absent, and 
glass may be regarded as a perfect solid; but Murgatroyd and 
Sykes, 46 in some recent experiments, claim to have measured slow 
deformations amounting to 1 per cent or less of the total Hookean 
deformation. Obviously, explanations put forward to account for 
the time factor in fracture may be affected by whatever views are 
held on the subject of slow deformation. 


Theory of Static Fatigue in Glass 

The view that static fatigue is connected with the action of an 
adsorbed film on the glass is held by Orowan, 47 Preston, 20 and 
Rehbinder. 48 Orowan 47 considers that the problem should be 
treated by a further development of the Griffith theory of flaws. 
He notes that, in the case of mica, the surface tension of the solid 
phase (y) is reduced by a factor of about 10 in the presence of 
air or moisture as compared with a vacuum. Since the Griffith 
theory requires the strength to be proportional (y) 1 , it follows 
immediately that if glass behaves in a similar way there should 
be a difference amounting to a factor of about 3 in the strength 
of glass according to whether it is measured in equilibrium with 
moist air or in a vacuum. Orowan notes that the results of different 
workers 20,41 show a total range of variation in the breaking stress 
of the same magnitude, and concludes that the time effect is to be 
explained by a slow reduction of the surface tension as an adsorbed 
film diffuses on the surface of the glass. Finally, he predicts there 
will be no static fatigue effect when glass is broken in a vacuum. 

On the qualitative nature of the processes involved in static 
fatigue Preston 20 generally supports Orowan; in particular, he 
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has investigated the way in which the time element in fracture 
varies with the temperature. This can be done by plotting the 
ratio of the strengths measured with fracture times of (M and 
100 sec. at a series of temperatures. The results show that the 
time effect is small at extreme temperatures, but reaches a maxi¬ 
mum between 50 and 300° C. (Fig. 21). These experiments are 
interpreted by Preston as follows: at the lowest temperatures the 
glass is but slightly time-sensitive owing to the small mobility of 



the adsorbed film, and above 200° C. this film is gradually removed 
by evaporation and the glass again becomes less time-sensitive in 
fracture. In between these two extremes there is a point where 
the time factor has a maximum effect. 

In another paper Preston and Baker 49 specifically investigated 
the question of whether there is a time factor when glass is broken 
in a vacuum. Two groups of rods, which had been baked out at 
300° C. and 0-1 micron mercury pressure, were tested at different 
rates of stressing, and the results showed that the bending strengths 
were the same for breaking times of 0-1 and 10 sec.’Preston and 
Baker therefore concluded that static fatigue did not occur in the 
absence of adsorbed films. 

A third and somewhat similar approach to the same question 
is provided by Rehbinder 48 in an article in which he reviews recent 
work carried out in the U.S.S.R. on the subject of the effect of 
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external agents on the mechanical properties of metals and other 
materials. He suggests that many of the effects associated both 
with deformation and fracture can be explained by assuming that 
surface active substances can penetrate the surface of a strained 
solid along wedge-shaped ultra-microscopic cracks that are 
developed in the process of deformation. When the stress is 
removed the cracks gradually close and the adsorbed materials 
are expelled. In support of this view the example is given of the 
deformation of mica. It is stated that when a sheet of mica is bent 
in absolutely dry air the deformation takes place almost at once 
and is immediately reversed when the stress is removed, but when 
water or alcohol is present both processes take place gradually. 
Thus, according to Rehbinder, both deformation and fracture are 
controlled by the slow diffusion of adsorbed substances. 

A reduction in strength under the action of external agents has 
been well established in a number of investigations carried out 
with metals. Gough, 50 and Gough and Sopwith 51 have emphasized 
the importance of atmospheric oxygen in the measurement of 
fatigue strength in metals subject to alternating stresses. It was 
shown that when tests were carried out in vacuo there was an 
improvement in fatigue strength, the maximum increase being 
26 per cent in the case of a 70 : 30 brass. More recently Evans 
and Simnad 52 have shown that the rate of corrosion of metals is 
markedly increased when the surface is subjected to a stress in a 
corroding medium. Thus the two processes of fracture and 
corrosion appear to reinforce each other. 

We may conclude that there is fairly strong evidence in favour 
of the theory that adsorbed films play a vital part in static fatigue 
in glass, but this theory at present lacks a quantitative develop¬ 
ment which would allow a precise comparison with experimental 
results. In this connection it has been shown by Haward, 53 and 
by Preston, 54 and by Preston and Glathart, 55 that if log tlf or 
log t* is plotted against 1 If, where / is the stress required to 
fracture the glass in time t, an excellent straight line is obtained 
(Fig. 22). These two quantities do not give sensible differences in 
plotting since changes in/are small compared with t. These points, 
taken from the work of Preston, 20 cover the widest range of time 
investigated up to the present and no deviation from linearity is 
observable at either end. 

* These two quantities are not sensibly distinct since variations in t are large 
compared with /. 
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The question therefore arises whether the same relation will 
apply outside this time range. On the whole it must be doubted 
whether the line may be extrapolated to shorter times, since, as 
pointed out by Preston, 54 this would require the strength of glass 
to be infinite at time below 6 microsec. In this connection the 
theoretical treatment given by Haward, 53 although containing 
some rather doubtful assumptions, may be of interest in that it 



Fig. 22.—Preston’s results for the time factor-in glass fracture plotted in the 

form log j —j 51 

The figures for the soda-hme-silica glass are the same as those in Fig. 20. 
indicates how a good linearity of the \agt-\if relation in the 
range investigated may be reconciled with the assumption of a 
finite short time strength. The treatment involves the use of a 
simple exponential term for the probability of a particular stress 
in a fluctuating field. Another line of approach by which the 
log t-l/f can be theoretically derived from a treatment of the 
effect of mechanical stress and moisture on the orientation of an 
atomic network is at present being developed by Taylor, 56 but 
only a summary of the theory has so far been published. 

Thus there is still no direct link between the theories of moisture- 
absorption of Orowan, Preston, and Rehbinder and the log t~\/f 
relation of Preston and Haward, but a different theory leading 
to this relation has been evolved by Murgatroyd. In his first 
papers 22 - 57 he developed a theory of the time factor in the fracture 
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of glass in terms of an empirical treatment of the relaxation of a 
quasi-viscous material assumed to be present in the glass. Accord¬ 
ing to this view, the stress is increasingly thrown on the more 
rigid parts of the material by the slow deformation of a viscous 
component until fracture occurs. Since the deformation is held 
to be reversed when the stress is removed, the theory suggests 
that glass should not be permanently weakened by a stressing 
operation. Experiments by Murgatroyd and Sykes, 58 where it was 
shown that the remaining glass rods were not sensibly weakened 
by a stressing operation in which 20 per cent of a sample were 
fractured, are therefore considered to support this theory. In a 
later paper 46 the slow deformation of glass at room temperature 
was investigated, and it was claimed that very small time-dependent 
deformations could be observed which were proportional to the 
log. of the time. Finally Murgatroyd and Sykes 59 have shown 
that the original form of the viscous pocket theory can be modified 
so that the log/-l// relation is directly obtained from the 
logarithmic character of the deformation process. Thus it appears 
that at present the log t-\[f relation can be derived most 
directly by a theory which seems to take no adequate account of 
the evidence regarding the effect of adsorbed materials. 

Finally it should be noted that other methods of treating static 
fatigue have been put forward by Bailey, 26 who develops an 
analogy between the behaviour of metals and glass, and by 
Gurney, 60 who considered the effect of stress on the vapour 
pressure of a glass and examined the possibility of evaporation 
from points of stress concentration. Gurney found that such 
factors could only account for a part of the observed effects and 
concluded that atmospheric attack was also an important element 
in the process. Obviously, the existence of more than one factor 
causing static fatigue in glass is possible in the light of the present 
evidence, though the occurrence of a simple quantitative relation 
between stress and fracture time suggests a single process. That 
this process is connected with the action of adsorbed moisture 
seems most likely on the present evidence. 


The Variation of the Strength of Glass with Temperature 

This topic has been investigated by Smekal, 61 Mengelkoch, 62 
Vonnegut and Glathart, 63 and Preston 20 whose results, together 
with certain comparative figures for steel, are given in Fig. 23. 
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The conclusions of all three workers are in general agreement. 
The strength of glass is dependent on temperature and reaches a 
minimum round 200° C., but with extreme cold or above 300°C. 
perceptible improvements are obtained. However, some recently 
published experiments by Jones and Turner, 64 carried out on fire- 
finished glass beams under carefully controlled conditions, gave 
a constant bending strength throughout the temperature range 
20 to 450° C. A part of this apparent discrepancy has been resolved 



by Holland and Turner, who obtained an increase of strength at 
a temperature of — 40° C. 

Jones and Turner’s results seem to contradict those of 
Preston, but it must be remembered that there are a number 
of factors still to be explored, and the temperature variation 
might depend markedly on the conditions of testing. Indeed, 
as far as the time factor is concerned the curve shown in 
Fig. 21 clearly predicts considerable differences in the temperature- 
strength relation according to the rate of stressing chosen in the 
experiments, and other variations could be introduced by size 
factors and by the finish of the test piece. However, since the scale 
of all the variations reported is only large over wide temperature 
ranges, it may be concluded that in normal temperate conditions 
the strength of glass is not greatly affected. In particular, it seems 
safe to assume that, except in the temperature range 100 to 300° C., 
glass is at least as strong as at room temperature. The results of 

E 
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Jones and Turner confirm those of Preston, namely, that glass 
is more able to withstand sustained loading above, say, 300° C., 
but in contrast with Preston’s results given in Fig. 21, they con¬ 
clude that this improvement is a continuous one above 20° C. , 

The Cracking of Glass 

The typical behaviour of breaking glass must be familiar to 
most people; as soon as rupture commences cracks spread rapidly 
and the elastic energy stored in the glass is suddenly and explo¬ 
sively released. It now appears that the velocity, or at least the 
maximum velocity, at which these cracks can travel is a constant 
characteristic property of the glass. The phenomenon has been 
investigated by the methods of spark photography under two 
widely dilfering conditions: Schardin and Struth 65 examined the 
case of a bullet impact on glass, and Edgerton and Barstow 66 
investigated the breaking of panes of glass under a central force 
using a ball and spring arrangement. In both cases a velocity of 
crack propagation of 5,000 ft./sec. was obtained. Edgerton and 
Barstow went on to measure the velocity of transmission for 
transverse and compression waves in the glass and found values 
of 11,000 and 18,000 ft./sec. respectively, which are in agreement 
with the known elastic constants and with the results of Baird, 67 
but which appear to be unrelated to the cracking velocity. Two 
of their photographs are given on Plates I and II, and they illus¬ 
trate the remarkable circular form given by cracks spreading from 
a point in fractured glass. 

A qualitative theoretical explanation of this constant velocity 
of crack propagation has been put forward by Poncelet. 8 He 
considers that these experiments really measure the maximum 
velocity of crack propagation which is a constant for the material, 
though cracks may travel more slowly. When cracking takes place 
there is a tendency for the stress at the tip of the advancing fissure 
to increase, and as this occurs the crack velocity increases too, 
until, at a certain critical stress, forking occurs and the velocity 
is kept within a maximum figure. In the same paper Poncelet shows 
that the same hypothesis can be used to explain the results of 
Smekal, Muller et al. 25 - 36 ' 6 *- 69 concerning the breaking of glass 
rods under tension. Smekal found that the broken area of glass rods 
fractured under tension could be divided into two parts: a“ mirror” 
area A where the surface of the glass was smooth, and a rougher 
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part. If a series of similar rods were broken, the total mirror area 
could vary from 5 to 40 per cent of the total cross-section of the 
rods, and the observed tensile strength also varied, but not inde¬ 
pendently of the mirror area. It was found that if q was the total 
cross-sectional area of the rod, then 

Tensile strength = constant (1 — A/q) 

Poncelet 8 shows that these results would follow immediately 
from his theory if the mirror area was caused by that part of the 
fracture process in which the rate of cracking was increasing and 
the rougher surface by the part where forking occurs. Although 
this point of view is attractive, it now appears that it cannot be 
fully accepted, since more recent evidence has shown that the 
maximum velocity of cracking can be reached under suitable 
conditions when the mirror area is only one-fifth complete. 

The theory of a critical forking stress is also supported by 
various observations on the amount of cracking and tearing 
taking place in glass and clay plates and rubber sheets. In a 
number of papers concerned with the rupture of these materials 
a common similarity has been reported, in that when they are 
broken under differing conditions those samples which are 
strongest, or are subjected to the most severe impact, also suffer 
the largest amount of cracking. In the case of clay, plaster of 
Paris, and sealing-wax plates, Suzuki 70 demonstrated that the 
number of pieces into which the plate is broken under impact 
with a given weight increases with the height from which the 
weight is dropped. With glass, Gehlhoff and Thomas 36 observed 
in the course of their impact experiments that the stronger pieces 
were broken into a larger number of fragments than the weaker 
ones, while Haward 53 found that similar effects occurred with 
glass plates under impact and static loading as shown in Plates 
III and IV. 

That there should be a similarity of behaviour between glass 
and clay is not surprising, but it is of particular interest that 
similar phenomena have been reported by Treloar 71 in the case 
of bursting tests with rubber sheets. Treloar found that when 
rupture occurred in a bursting test numerous petal-like shapes 
were formed radiating from the point of rupture in a manner 
suggesting a similarity to cracked glass. Using a series of rubbers 
of differing tensile strength, he found that there was a relation 
between the number of petals formed and the sttfffl5tife*Qf the 
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material. The explanation put forward by Treloar that the effect 
is connected with the high modulus of elasticity of the stronger 
rubbers under the conditions of rupture appears to be excluded 
by the analogy with glass, since the modulus of elasticity of glass 
is independent of the stress. The correlation would appear to be 
between either the stress at rupture or the energy stored in the 
material and the number of petals and cracks. In these cases an 
explanation on the lines of Poncelet’s critical forking stress would 
again appear to be applicable. 


Toughened Glass 

If a sheet of glass is quickly cooled from a high temperature 
the outer layers of glass cool first while the centre is still hot and 
therefore soft. When the centre cools and contracts the outer 
layers of glass are set in strong compression and the whole glass 
is in a permanent state of strain. The increased bending strength 
of this heat-treated glass has already been mentioned in con¬ 
nection with the work of Littleton, whose general explanation of 
its behaviour, that the state of compression of the surface layers 
inhibits rupture in tension, is now widely accepted. 

It follows that for most purposes the bending strength of 
toughened glass may be represented by the relation: 

f B toughened glass = f B sheet glass + K 

where K is a constant representing the average compressive stress 
in the surface of the glass which must be reversed before the glass 
can be broken in tension. The same relation would apply to the 
tensile strength of toughened glass rods provided the glass breaks 
from surface flaws only, and for this reason theories of the strength 
of toughened glass are closely connected with whatever views may 
be held on the possibility of rupture beginning at internal flaws. 
Littleton and Preston 72 assume that the difference between an 
internal and a surface flaw is that the former has to be extended 
in two directions when rupture occurs, whereas the surface flaw 
has only to extend in one direction, and so the internal strength 
of glass is double the surface strength. From this conclusion it 
follows that there is a theoretical limit for the most useful degree 
of toughening, since an increase in tension at the centre of the 
glass beyond a certain point will have a weakening effect. How¬ 
ever, the effect is not the same for bending and tension, and by 
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analysing the stress distributions it is shown that the effect of 
toughening should be much greater in bending than in tension, 
namely: 

Maximum tensile strength of a toughened rod should be 
1 • 5 x annealed rod. 

Maximum bending strength of a toughened beam should be 
3-4 x annealed beam. 

With the further assumption that the distribution of thermal 
stresses is parabolic, the relation between the bending strength 
(modulus of rupture) and degree of toughening is worked out 
theoretically (Fig. 24). 

Experimental bending tests are then related to the theory by 
measuring the strain by the method of birefringence together with 
the bending strength, and in this way the experimental points are 
obtained. The theory, although necessarily approximate, is borne 
out by the experiments in that a maximum strength is obtained 
under the predicted strain, but more evidence is needed on the 
descending portion of the curve, particularly as there, is so little 
other evidence concerning the occurrence of internal breakage in 
glass. 

Indeed, experiments by Holland and Turner, 73 in which the 
curvature of splinters produced from the surface of toughened 
glass was measured, lead to the conclusion that the maximum 
internal tension of certain specimens of toughened glass varied 
from 1 to 5-3 x 10 4 kg./cm., 2 a value far above the figure of 
Preston and Littleton, and one which, if correct, is incompatible 
both with the conception of internal strength put forward by the 
latter and with their explanation of the limiting strength to be 
obtained by the best tempering treatment. 

The question whether toughened glass breaks from the surface 
is also important in relation to the theory of the time effect put 
forward by Orowan, 46 that toughened glass breaking internally 
should show no time factor since no diffusion of an adsorbed 
film could be postulated. On the other hand, if toughened glass 
still breaks from the surface it should also show a reduced relative 
time factor as compared with ordinary glass even if the adsorbed 
layer theory of the time factor is correct, since K in the equation 
(p. 60) will be constant with time, and the changes in bending 
strength should be, therefore, numerically equal in each case. 
The results of bending tests on toughened and sheet glass carried 
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out by Haward 74 are given in Table XI, and it will be seen that 
they favour the view that the toughened glass breaks from the 



Fig. 24.—The bending strength (modulus of rupture) of toughened glass plotted 
against the observed strain at the centre of the test piece. 72 

surface and shows a small time factor numerically similar to that 
of sheet glass. The implications of these results are of course in 
disagreement with the theory of Littleton and Preston. 71 
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In toughened glass the sum of the outer compressions must be 
numerically equal to the tensions produced in the inner layers of 
glass, so the degree of toughening will be affected by the relative 
rates of cooling of the inner and outer parts of the glass, in which 
geometry, the heat conductivity of the glass, and conditions of 
cooling will all play their part. These factors lead to a difficulty in 
producing thin toughened glass, since the outer cooling is rapidly 
transmitted through the sheet and large differences in rate of 
cooling are not readily produced. For this reason most commercial 
toughened glass is 3/16 in. or more thick. The thicker the glass 


Table XI. Bending Strengths of Sheet and Toughened Glass Squares under 
a Central Force at Different Rates of Stressing 


Average 

thickness 

Average 

time 

i 

Average 

force 

Bending strength 

/ b±2s/VN 

N 

number of 
tests 

Coeff. of 
variation 
v = s// B 

cm. 

sec. 

kg. 

kg./cm. 2 


% 


Sheet Glass 


0-405 

2,160 

62-4 

730 ± 70 

28 

25 

0-406 

180 

79-6 

930 ± 77 

30 

23 

0-407 

23 

84-6 

990 ± 70 

30 

19 

0-406 

1-8 

96-6 

1,140 i 100 

30 

25 

Toughened G 

lass 





0-467 

2,260 

239 

2,070 ± 92 

36 

13-4 

0-462 

201 

246 

2,180 ± 93 

37 

12-9 

0-464 

26 

257 

2,260 ± 91 

36 

12*1 

0-464 

2-2 

290 

2,550 ± 107 

44 

13*9 


Absolute difference due to time factor: Sheet glass .. .. 410 kg./cm. 2 

Toughened glass .. 480 kg./cm. 2 


the easier it is to produce a large value of K, and so the ordinary 
tendency of glass to give a lower bending strength with thicker 
material is reversed in toughened glass and the practically attain¬ 
able bending strength increases with thickness as illustrated by the 
following figures of von Reis: 75 

Thickness .. .. 5 8 12 mm. 

Bending strength .. 2,000 2,500 3,000 kg./cm. 2 

When toughened glass is broken it is invariably shattered into 
a large number of pieces, giving the typical breaking pattern shown 
in the shattered part of Plate I. For this reason it is impossible to 
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cut this material, and toughened glass must be fashioned in the 
form in which it is to be used. Its elasticity is the same as that of 
ordinary sheet or plate . 75 

Other Strength Properties 

The strength measurements outlined do not include all the types 
which it may be of practical importance to investigate; among 
them are the bursting strength of fashioned glass articles, and 
crushing strength. Nevertheless, as has been pointed out by 
Poncelet 8 and Preson, 76 it is probable that even under crushing 
stresses glass breaks in tension. If this view is accepted, it should 


Table XII. Crushing Strength of Glass as measured 
between Different Types of Metal Plate 77 


Plate 

Crushing strength 


kg./cm. 2 

Tin . 

3,920 

Copper. 

6,580 

Polished steel 

12,640 


follow that all these measurements are really varieties of bending 
or tensile tests complicated by elaborate geometry, and that they 
should be subject to the fundamental properties of the bending 
strength of glass together with the particular variables involved in 
specific tests. For example, experiments on the bursting pressure 
of lamp bulbs have been recorded by McCormick, 42 and they 
show a time factor similar to that obtained in ordinary bending 
tests; an interesting feature was that, in one instance, frosted glass 
bulbs gave higher bursting strength values over a series of times 
than clear glass. 

The early work of Winkelman and Schott 77 on crushing strength 
measurements showed that results of this type were markedly 
affected by the manner in which the crushing stresses were applied; 
for instance, when glass is crushed between different types of plate, 
different values of the crushing strength are obtained (Table XII). 

The results were also affected by the precise condition of 
polishing of the steel plates. Generally speaking, Winkelman and 
Schott found that with 6 mm. cubes of glass and polished steel 
plates the crushing strength was 10 to 20 times the tenacity of 
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the same glass. This result is confirmed by the work of Gehlhoff 
and Thomas, 36 who used 4 x 4 x (U-2) mm. test pieces and 
also polished steel plates together with a series of glasses of different 
composition. The values obtained for the crushing strength were 
all fairly close to 10,000 kg./cm. 2 and the effects of changing com¬ 
position were not very large. However, they were measurable and 
were not always in the same sense as those which occurred with 
bending strength. For instance, the addition of Na 2 0, K 2 0 or CaO 
(up to 20 per cent) increased the bending and tensile strengths but 
reduced the crushing strength. This is, perhaps, surprising, but it 
does not necessarily invalidate the hypothesis that rupture occurs 
under tension, since many properties may be involved in bringing 
this tension into play. On the other hand, the generally high values 
of the crushing strength of glass support the view that the glass 
breaks in tension only, since the compression of a cube between 
two flat surfaces obviously represents a highly inefficient way of 
applying a tensile stress to a glass surface. 
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CHAPTER IV 


THE DEFORMATION OF PLASTICS 
AND GLASS 


this chapter is concerned with the manner in which glasses and 
plastic materials are deformed, more particularly within the tem¬ 
perature ranges in which they are normally employed. For this 
reason no discussion is given of the many phenomena which occur 
at or near the melting point of glass. Rather the intention is to 
use glass as an example of a material which accuiately obeys 
Hooke’s law' of deformation and which may therefore be treated 
as an “ideal” elastic solid. 1 Similarly it is not intended to deal at 
length with the flow of plastics at high temperatures though this is 
of great technical importance in connection with the operations of 
moulding and extrusion. Instead it is simply noted that plastics are, 
in varying degree, unsuitable materials where high temperatures 
are concerned. 

For some time it has been widely recognized both in theory 
and practice that the deformation of various materials was not all 
of one type. Gurevich, 2 and Alexandrov and Lazurkin 3 divided 
the deformation D of plastic materials into ordinary D OF , highly 
elastic D HE , and viscous D vni types. These divisions generally 
correspond with those put forward by the British Rheologists’ 
Club 4 who noted three types of deformation with different 
materials, namely: 

(1) Ideal elastic deformation which may or may not be Hookean 
(i.e. proportional to the stress). This takes place immediately a stress 
is applied and disappears when the stress is removed. 

(2) Non-ideal elastic deformation which develops slowly after 
the application of the stress and is ultimately recoverable. 

(3) Various sorts of viscous flow all of which have the property 
of not being recoverable and involving a permanent change in the 
material. 

Again, with high molecular compounds, these three types of 
deformation are commonly related to the three molecular mechan¬ 
isms of the deformation of primary bonds D oc , chain uncoiling 
D he , and chain slipping D mc (Fig. 25). Nevertheless these 
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definitions do not always completely correspond, the most 
important cause of discrepancy being due to the wide range of 
time factors involved in the highly elastic deformation. Thus the 
deformation of rubber, which molecularly is of the highly elastic 
type, may be classified as an ideal elastic deformation by the 
rheologist since the time element is small. On the other hand, a 
deformation sometimes does not appear to be a reversible one, 
but when the material is wanned or treated with a swelling agent 
it becomes reversible. In this book both these deformations will 
be classed as highly elastic, that is to say the term ultimately 


WW — W\A/ 



Fig. 25.—A diagrammatic illustration of the various types of deformation in plastic 

materials. 37 


recoverable is interpreted to include forms of treatment calculated 
to assist recovery, and the deformation of rubber is looked upon 
as similar to other types of deformation, depending on the same 
molecular mechanism, even though the time factors involved with 
rubber may be small or even negligible. 

The justification for this separation of the different types of 
deformation in plastic materials is supported by evidence from 
other sources. For instance, McNally and Sheppard 5 showed that 
the ideal elastic deformation of cellulose ester films took place 
with an absorption of heat, but that at the “yield point” (i.e. where 
D uf and perhaps D visc occur) the deformation process is 
accompanied by the emission of heat. Similarly a rough corre¬ 
spondence exists between the volume-temperature curve of aplastic 
as ordinarily measured, and the onset of high elasticity. If a plastic 
which is capable of the highly elastic type of deformation is cooled 
down a temperature range is reached below which the material 
will break before any highly elastic deformation can be brought 
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about. At such temperatures the large deformations characteristic 
of high elasticity may be entirely suppressed. By making measure¬ 
ments of the change in volume of different polymers with tempera¬ 
ture Ueberreiter 6 demonstrated that a discontinuity occurred in 
the volume-temperature relation and this has been shown to occur 
in the same temperature range as that in which this high elasticity 
is first developed, and measurements of this transition point are 
often quoted. For an example of a curve of this type, see Fig. 39. 
The essential feature of these measurements is that both the 
changes in the volume-temperature curve and the onset of 
high elasticity are assumed to be controlled by the same mole¬ 
cular process, namely the occurrence of free rotation in the 
molecular chains. In one sense there can be no doubt that a 
fundamental change takes place at the observed transition point 
since at one temperature it can be said that substantially no 
rotation of molecular bonds occurs, but at a higher temperature 
rotation takes place readily and largely determines the properties 
of the material. However, certain difficulties arose in a detailed 
investigation carried out with polystyrene; Boyer and Spencer 7 
showed that the precise temperature at which a change in slope 
of the volume-temperature curve is observed depended on the 
rate of heating. They also found that if the polymer was heated 
up to any particular temperature there follows a steady isothermal 
change in volume, so that the specific gravity tends to a particular 
value characteristic of the temperature. They regarded this as the 
true equilibrium specific gravity of the material at the temperature 
concerned; when it is plotted against temperature they obtain the 
curve (a) shown in Fig. 26. This so-called equilibrium curve shows 
no transition point. Boyer and Spencer also investigated the rates 
at which the volume of the plastic changes towards the equili¬ 
brium value at different temperatures, and were able to estimate 
the activation energy involved in the process of adjustment; this 
is 12,000 cal. as compared with 61,000 cal. for highly elastic 
recovery. They therefore concluded that the apparent transition 
point in the volume-temperature curve, as ordinarily measured, 
does not depend on the same molecular processes as the develop¬ 
ment of high elasticity, although it does reflect the increased ease of 
molecular adjustment which occurs at approximately the same time. 

In these circumstances the status of the conception of a true 
thermodynamic transition point, measurable from the volume- 
temperature curve, must depend much on the views held of the 
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value and probable generality of Boyer and Spencer’s results. 
However, there is not much evidence at present available with 
other plastics; though there can be little doubt that in the tempera¬ 
ture range where high elasticity sets in there is a fundamental 



Fig. 26.—Volume changes in polystyrene at different temperatures. The line (a) 
represents the estimated volume at equilibrium and curve, ( b ) that normally 
measured in a simple heating experiment. The intersection of dotted lines is the 
transition temperature. 7 

change in the internal condition of the material. Further evidence 
comes from the work of Fuoss, 8 who found that several plastic 
materials show a marked change in their electrical properties in 
the same temperature range as that in which the alteration in their 
mechanical properties occurs, a result entirely in accordance with 
the theory of free rotation above a transition point. 

The Ordinary Elastic or Ideal Hookean Deformation 

For mdst purposes the ordinary elastic deformation of plastics 
may be treated as having no time factor; however, this does not 
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mean there are no limitations upon this mode of deformation 
arising from high rates of application of stress. Actually such a 
limitation necessarily arises because any deformation implies 
motion in a material having mass. However, in most deformation 
experiments the velocity of deformation is such that neither the 
forces involved in moving the material, nor the consequences of 
the limited rate of propagation of stress waves, are of much 
significance, but these forces can and do become significant under 
conditions of high velocity impact. This, then, is the limitation 
involved when the ordinary elastic deformation is described as 
ideal, i.e. occurring immediately upon application of the stress. 
But the extent to which most ordinary elastic deformations are to 
be described as Hookean, i.e. proportional to the stress over all 
stress ranges, is less clear, since at high stresses most plastic 
materials show much larger deformations of other types, which 
effectively mask any quantitative discrepancies which might occur 
in the ordinary elastic deformation. Massive glass exhibits the 
ordinary elastic deformation, and the degree of the effect is 
generally taken to be proportional to the stress; attempts to 
discover slow deformations not proportional to the stress at 
normal temperatures have proved difficult to carry out, and lead 
to controversial results. In any case the deviations from ideal 
Hookean behaviour are certainly small. On the whole, therefore, 
the assumption that plastics show a similar ideal elastic deforma¬ 
tion, strictly Hookean in character, seems reasonable pending the 
accumulation of evidence to the contrary. 

Isotropic materials which show the ordinary elastic deformation 
exclusively or predominantly will obey the classical relations of 
elasticity, provided the deformations are small, as is usual in such 
cases. Thus if Young’s modulus E or Poisson’s ration a are 
determined the other moduli will be given by the relations 


Shear modulus — G 
Bulk modulus —K = 


2(1 + a) I 
E ' 


3(1 -2 a) 


for isotropic materials. 


The Deformation of Glass 

Deformation of massive glass at ordinary temperatures is almost 
entirely of the ideal Hookean type. For instance a recent paper 
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describes delayed elastic effects amounting to 1 per cent or less 
of the ideal Hookean deformation. 9 Its properties are therefore 
capable of description by any two of the elastic constants. Three 
of these constants, the compressibility, Poisson’s ratio, and the 
Young’s modulus, have been the subject of much experimental 
work, but only the last two will be dealt with here as they enter 
most directly into strength relations. A summary of the work on 
compressibility is given in Morey. 10 

Poisson’s ratio a has been measured by Auerbach 11 by means 
of indentation experiments and values of 0-17 to 0-30 were 
obtained with a series of glasses. Although there is no doubt about 
the approximate correctness of these results, they are not in exact 
agreement with those of Straubel (see Chap. V). Straubel, 12 who 
made experiments on similar glasses to those used by Auerbach, 
used a more direct method of measurement. A glass beam was 
bent in an arc and the longitudinal and transverse curvatures were 
observed by means of the locations of interference fringes. From 
his results he constructed a list from which the Poisson’s ratio of 
any glass could be calculated by multiplying the appropriate figure 
by the molar proportions by weight of the various constituents. 
The results are claimed to be accurate to within 0-01. The figures 
are as follows: 


Si0 2 

01533 

b 2 o, 

0-2840 

ZnO 

0 3460 

PbO 0-2760 

ai 2 o 3 

01750 

BaO 

0-3560 

Na 2 0 

0-4310 

K 2 0 0-3969 

CaO 

0-4163 

p 2 o. 

0 2147 

1 

i Sb 2 0, 

i 

0-2772 

Mg0,As,0 5 .Mn 2 0 3 0-2500 

1 


Thus a soda-lime-silica glass of composition 1 ’ 73 per cent Si0 2 , 
2 per cent Al 2 0,, 9 per cent CaO, 3 per cent MgO, 13 per cent 
Na 2 0 would have a value of a 0-22. 

A great number of measurements of the Young’s modulus of 
elasticity have been carried out. One of the first methods applied 
was that of measuring the angle through which the ends of a 
loaded beam were deflected by means of a suitable arrangement 
of mirrors and a light source. 1415 Subsequently measurements 
have been made directly on the bending of glass beams 16 - 17 and 
on the vibration of long beams in the horizontal plane. 18 So far, 
no definite differences have emerged between measurements made 
statically and dynamically; slow vibration and bending experi¬ 
ments 18 have given identical results within the experimental error. 

F 
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Further, determinations of the velocity of sound in silica glass by 
Ide 19 gave values of E = 740,000 kg./cm. 2 comparing with a 
figure of 720,000 kg./cm. 2 given by Sosman 20 for other methods. 
Finally Bhagavantam and Rao 21 have confirmed the independence 
of the elastic modulus from time effects for all practical purposes 
by comparing the results obtained with a supersonic wave tech¬ 
nique and by static methods. They found values of 490,000 and 
470,000 kg./cm. 2 respectively by the two methods. 

Among the many static measurements of the Young’s modulus, 
the early work of Winkelman 15 gave values of 500-800,000 kg./cm. 2 
for a series of glasses of differing composition and these results 
are still generally accepted. A more systematic series of measure¬ 
ments are recorded in the paper by Gehlhoff and Thomas 22 on the 
variation in mechanical properties with composition. Most of their 
results lay between 600-800,000 kg./cm., 2 but by replacing Si0 2 
by CaO in an 82 per cent Si0 2 18 per cent Na 2 0 glass a modu¬ 
lus of 1,000,000 kg./cm. 2 could be reached with 20 per cent CaO. 
In general, there is a marked contrast between the comparative 
ease with which measurements of the elasticity of glass have been 
carried out and the difficulties encountered in any strength deter¬ 
mination involving rupture, and this distinction is to be explained 
by the fact that elasticity is a true bulk property of the glass, 
independent of the occurrence of adventitious flaws. 

The variation of the Young’s modulus of elasticity of glass with 
temperature has been variously reported and appears to depend 
on the type of glass used. In all cases it may be assumed that 
changes are small in the range of 0 to 100° C. and may consequently 
be neglected for most strength purposes. This relative constancy 
for a soda-lime-silica glass is illustrated in Fig. 27, taken from the 
work of Jones, 23 and it will be seen that the modulus is extremely 
constant below 300° C. On the other hand Winkelman 15 and other 
workers 24 - 16 have found small but definite declines in Young’s 
modulus with increasing temperature. It would be tempting to 
ascribe some of these results to the occurrence of small delayed 
elastic effects (which were separately investigated in Jones’s experi¬ 
ments), but the fact that Ide obtained a similar decline, using his 
sound velocity technique, seems to make this explanation most 
unlikely. Moreover, with silica and Pyrex glass Ide found a slight 
increase in the modulus with rising temperature, and the result is 
supported by the work of Lees et al.,' 1 although the absolute 
values of the elastic moduli varied rather curiously in their experi- 
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ments according to the previous treatment of the silica rod. 
Further, declines in compressibility of silica and Pyrex glass with 
increasing temperature have been reported by Birch and Dow 25 
as opposed to a soda-lime glass where the compressibility rose 
steadily with increasing temperature. It must therefore be con¬ 
cluded that glasses do not behave uniformly with regard to the 
small changes in the moduli of elasticity with increasing tempera¬ 
ture below the softening point, and that the nature of the variation 
depends on the composition. 



Fig. 27—The variation of the Young’s Modulus of a soda-lime-silica glass with 

temperature. 23 

At higher temperatures there is full agreement that glass shows 
both delayed elastic and viscous deformations somewhat similar 
to those given by plastic materials. The deformation of glass at 
temperatures above 400° C. has been investigated by Taylor. 26 For 
his soda-lime-silica glass, Jones 23 found that the delayed elastic 
effect rose from 3 per cent of the instantaneous deformation at 
200° C. to 75 per cent at 444° C., and it again follows from these 
results that slow deformations may be comfortably neglected at 
room temperatures. 

However, this conclusion does not apply to glass fibres, which 
do show small delayed elastic, and possibly viscous, deformations 
when subject to stress at ordinary temperatures. These properties 
were the subject of a number of early investigations by Kohlrausch 
et ah, whose results have been summarized in a recent 
monograph. 27 There is controversy on the magnitude of the 
elastic modulus obtained with glass fibres, which is normally 
still dominated by the reversible Hookean effect. Firstly, the 
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investigations of Jurkov 28 gave results in which the elasticity 
was independent of the fibre diameter using glass and quartz fibres 
in the range 0 to 100 /u. More recently Murgatroyd, 29 in a series of 
bending experiments, found that the elastic modulus decreased as 
the diameter of the fibre was reduced; he reports that a fall in the 
Young’s modulus from 700,000 to 450,000 kg./cm. 2 takes place 
as the fibre diameter is reduced from 0 • 1 to 0-002 cm. Finally 
Slayter, 30 making measurements in tension (Plate XVI), found 
that fibres of 0-00070 to 0-00020 in. diameter have a constant 
elastic modulus of 8,000,000 to 9,000,000 lb./in., 2 while with still 
thinner threads the modulus tends to rise. Obviously, not very 
much can be concluded from these results, but further measure¬ 
ments, both in bending and tension, would be of value for a 
particular group of glass fibres. 


Ordinary Elastic Deformation of Plastic Materials 

It is generally supposed that the existence of an ideal Hookean 
or ordinary elasticity in plastic materials is due to the separation 
of molecular chains and/or the deformation of co-valent links 
under the action of the stress without the intervention of steps 
involving substantial molecular rearrangement. The detailed 
account of these processes has been worked out in a number of 
different ways, and slightly differing results obtained according to 
the model chosen or the treatment devised. Some of these cal¬ 
culations of the Young's modulus of elasticity arc summarized in 
Table XIII. 

In this case it is clear that the divergence between theory and 


Table XIII. Calculated and Measured Values of thf Younc/s Modulus of 

Hookean Elasticity 


Author 

Method 

Result 

Kuhn 31 .. 

Chain separation 

UP—10 6 kg./cm. 2 

deBoer 32 .. 

Cham separation 

1-1 / 10 6 kg /cm. 2 

Meyer and 
Lotmar 33 

Elastic forces of 
C—C and C—O 
bonds in oriented 
cellulose 

0 79—1-23 x 10 6 
kg./cm. 2 


Fxperimental figures 


In agreement with many 
hard plastics 
1—0-8 10 5 for 

phenol-formalde¬ 
hyde 34 

0-5— 1•1 / 10 6 kg./cm. 2 
dry oriented cellulose 
fibres 33 
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experiment is smaller than is the case with strength calculations, 
and the agreement may be ascribed to the characteristic that 
elasticity is a bulk property of the material. Nevertheless, on the 
whole, the calculations give results which correspond to the 
highest figures obtained under experimental conditions and other 
factors may reduce elasticity. For instance, Meyer and Lotmar 
note that wet ramie fibre has a lower modulus of elasticity than the 
dry material, while numerous other experiments have shown that 
the effect of plasticizers is to give a lower value of the modulus 

Table XIV. Effect of Plasticizers in the Elasticity and 
Impact Strength of Cellulose Acetate 35 



Modulus of elasticity 

Charpy impact strength 


lb /in 2 

ft -lb Im 2 

Dimethyl phthalate 



28° o 

529,000 

3*4 

31% 

468,000 

40 

34% 

364,000 

4-7 

o- and p-tolucne siilph 

wnamide {mixture) 


28% 

708,000 

2-9 

31% 

653,000 

21 

34% 

552,000 

1-4 

i 


of elasticity. Some doubt exists whether the reduction of elastic 
modulus occurring in such conditions, or with a rising temperature, 
really consists of a change in the true Hookean modulus. There is 
always a possibility that the variation may actually be brought 
about by a decrease in the time factor of some intrinsically non¬ 
ideal elastic effect; but here the elastic modulus would be expected 
to depend on frequency at short times, and, since examples of a 
modulus changing with temperature but not with frequency have 
been established, it seems reasonable to accept other reported 
variations in elastic modulus as partly due to genuine changes in 
Hookean elasticity. However, this analogy does not appear to 
apply to very soft materials, where separation of the elastic effects 
may become difficult or even impossible. 

Typical measurements of variation of Young’s modulus with 
plasticizer content have been given by Gloor, 15 who derived his 
values from the tangent at the origin of the stress-deformation 
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curve obtained by deforming stiff materials (E > 140,000 lb./ft. 2 = 
10,000 kg./cm. 2 ) under light loads. 36 For instance, in a typical 
series of experiments, he gives the following figures for the effects 
of dimethyl phthalate and o- and /^-toluene sulphonamide 
plasticizers on cellulose acetate (53 per cent acetic acid) at 70° F. 
and 60 per cent humidity (Table XIV). 

As already stated, rise in temperature generally causes a reduc¬ 
tion in the Young’s modulus of elasticity, though the effects are 
less pronounced than in other types of elastic behaviour. 37 For 
instance, Bartoe 38 has given curves for the deformation of an 



Fig. 28.—The effect of temperature on the approximate Hookean elastic modulus 
of plasticized cellulose acetate.' 5 

acrylic type resin which show that the slope of the initial part of 
the stress-strain curve, where the relation is linear and the deforma¬ 
tion probably all of the ideal Hookean type, is temperature- 
dependent, and a similar decline in the modulus of elasticity has 
been reported for “Perspex” methacrylate sheet. 39 Gloor 35 has 
also given figures for the effect of temperature on elastic modulus 
as shown in Fig. 28, which illustrates the characteristic decline. 
Other experiments, in which precautions were taken to exclude 
deformations not immediately reversed on removal of the load, 
are reported by Rohs and Hauck. 40 They record changes in elastic 
modulus for phenol formaldehyde, urea formaldehyde, poly¬ 
methyl methacrylate, and polyvinyl chloride, which all decrease 
with increasing temperature and are generally similar to those 
reported by Gloor. In the case of experiments at high frequencies, 
measurements of the temperature variation of Young’s modulus 
in the range of 40,000 to 70,000 sec. -1 where the elasticity was 
independent of the frequency have been carried out by Rinehart 41 
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on Lucite (acrylic) and Karolith (Casein) plastics. In each case, 
plots of 1 IE against temperature were linear at low temperatures, 
but became curved as temperatures were approached where non¬ 
ideal elastic effects became appreciable. The results (Table XV) 
illustrate the degree of change in the ideal Hookean elasticity with 
rising temperature as measured by an experimental method which 
reduces the contributions of delayed elastic effects to a minimum. 


Table XV. Effect of Temperature on the Hookean Modulus of Two Plastics 

MLASURED AT HIGH FREQUENCIES 41 


Lucite (polymethyl methacrylate) 

Karolith (casein plastic) 

Temperature 

Young’s modulus 

Temperature 

Young’s modulus 

°C 

kg /cm 2 

C 

kg /cm 2 

- 55 

67,000 

25 

63,000 

0 

53,500 

75 

52,000 

26 

48,000 

110 

43,000 

61 

39,000 




A comparison with static measurements was not made in this 
paper, but Press and Mark 42 have measured both the dynamic 
(10~-10~ 4 sec.) and a short time (10 -, -10 -2 sec.) moduli for 
viscose and acetate rayon fibres and found only small differences 
between the two (Table XVI). 


Tabie XVI. Dynamic Moduli of Viscose Rayon 


Material 

Dynamic modulus in 
10i° dyne/cm 2 

lime, 1 0 — 10 — 4 sec 

Short time modulus 
in 10io dyne/cm 2 

10-1-10-2 ^ 

Viscose rayon, before any stretching 

15 

10 

Viscose rayon at 0*75% elongation 

17 

15 

Viscose rayon at 4% elongation 

20 

20 

Viscose rayon at 60% of elongation to break 

50 

45 


The independence of elastic modulus and frequency of 
plasticized polyvinyl chloride at frequencies of 80 to 1,400 sec. -1 
has been reported by Sack, Motz and Work, 43 and they also found 
that elastic modulus decreased with temperature. However, in 
another paper 44 they reported that the same material showed a 
decrease by a factor of 4 to 10 in the elastic modulus when this 
was measured under static conditions. Similarly Eley and Pepper 45 
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found that as the time of measurement was reduced from several 
minutes down to 10 sec. the elastic modulus of a very soft 
plasticized cellulose derivative steadily increased. 

The author’s experience suggests that a hard celluloid 
(E — 17,000 kg./cm. 2 ) gave a definite and easily measurable 
reversible Hookean modulus, but that with a softer plasticized 
cellulose acetate (E — 2,400 kg./cm. 2 ) it was not easy to eliminate 
slow elastic effects entirely, even with the smallest stresses used. 
On the whole it may therefore be concluded that as materials 
become softer it becomes increasingly difficult to separate the 
various elastic effects and that the larger non-ideal deformations 
more and more tend to obscure the truly Hookean effects. Never¬ 
theless, on the balance of evidence, the decline in the Hookean 
modulus with increase in temperature and plasticizer content 
seems a genuine effect, to be considered in evaluating the 
mechanical properties of simple plastics. 

The effect of molecular weight on elastic properties may be 
observed in Table II; elasticity is notably less sensitive in this 
respect than strength measurements. It seems probable that in this 
case the deformations were mainly of the ideal Hookean type. 

The Non-ideal Deformation of Plastic Materials 

If we now return to our original proposition concerning the 
deformation of plastics we can write, assuming the Boltzmann 
theory of the independent superposition of deformation: 

D = total deformation = D ol -+ D HE f D US( 

$ 

E + D Hh | D VIU (in tension) 

Those sorts of deformation which fall under the heading of D HE 
are ascribed to the uncoiling and rearrangement of molecular 
chains. In accordance with theory we find that large non-ideal 
elastic deformations of 50 per cent or more are confined to the 
thermoplastic materials and are not normally shown by the highly 
cross-linked phenolic resins. Nevertheless, these deformations are 
not suppressed by a moderate degree of cross-linkage (rubber), 
though they are gradually eliminated if the amount of cross-links 
is increased (ebonite). The theory of chain rearrangement is sup¬ 
ported by the observation that the highly elastic deformation takes 
place largely without change of volume (Poisson’s ratio 0-5), and 
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so fresh relations apply between elastic constants not developed in 
classical elasticity theory. For example, Treloar 46 has shown that 
a pure shear can be applied by stretching a wide sheet of rubber, 
so that in one direction extension takes place, in another retrac¬ 
tion, and the third dimension remains unaltered. This procedure, 
which relates behaviour in shear to materials showing large 
deformations, does not apply where v ^ 0 • 5. 

Although it is not intended to discuss in detail the deformation 
properties of rubber, it must be recognized that much of the 
present theory of the highly elastic deformation of plastics is 
founded upon theories embodying equilibrium relationships 
which were first applied to rubber, and an account of these theories 
must be included. The kinetic theory of elasticity as applied to 
rubber was first clearly expressed by Meyer et al ., 47 and developed 
mathematically by Kuhn, 48 and Guth and Mark. 49 Essentially 
rubber is held to consist of long chain molecules whose length 
from end to end is determined by probability factors derived from 
the consideration of all the possible configurations of a long 
molecular chain. In this way distance between the two ends of 
such a chain is expressed by the following relation: 

4 B' 

p(r)dr= - ^ r 1 e e2r3 .(1) 

77 * 

where p ( r ) is the probability of a length of between r and r + dr, 
and in the particular case of a paraffin chain /3 is given by the 
relation. 


1 

P 2 




1 -f COS 0 

1 — cos 8 


( 2 ) 


here / c is the length between freely-rotating links (the c-c bond 
distance for a paraffin chain), Z the total number of links and 6 
the valency angle. The curve from relation (1) as plotted by 
Treloar 50 is shown in Fig. 29. Appropriate thermodynamic treat¬ 
ment of the above relations, in w'hich entropy is introduced as 
the logarithm of the probability, shows that the stress in a piece 
of extended rubber should be proportional to the absolute tempera¬ 
ture. In general, it has been found that the tension in extended 
rubber does increase as the temperature is raised (in contrast 
to the behaviour of metals and most Hookean solids), and in 
certain experiments by Meyer and Ferri 51 a good linearity with 
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temperature was obtained (Fig. 30). This work has recently been 
extended. 52 An essential element in the equilibrium theory of 
high elasticity is that the long rubber molecules are not extended to 
anything approaching their full length, in which case the relations 



Fio. 29.—The form of the distribution curve for the probability of the separation 
of the ends of a long paraffin chain. 50 
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Fig. 30—The observed tension in stretched rubber plotted against the absolute 

temperature. 51 


of Kuhn do not apply in the same form; Treloar 46 showed that the 
stresses increase markedly above those predicted by the simple 
theory at high extensions, and also 50 by a slight modification of 
the principles enunciated by Busse 53 he summarized the main 
conditions for high elasticity as follows: 
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(1) The presence of long chain molecules possessing freely 
rotating links. 

(2) Weak secondary forces between the molecules. 

(3) An interlocking of the molecules at a few places along their 
length to give a three dimensional “network.” 

The last of these three has been the basis of a further develop- 



Fig. 31.—The theoretical and experimental equilibrium behaviour of rubber under 
tension and compression for small or moderate deformations. 46 


ment in the theory of the deformation of rubber undertaken by 
Wall, 54 and by James and Guth, 55 who calculated the probability 
of a deformation a under tension or compression, where a = /// 0 
and the original length / 0 has been extended (or compressed) to /. 

He then used this relation in a formula for the tension S of a 
cylinder of original cross-section 1cm., 2 namely: 



where M is the molecular weight between points of interlocking 
and p the density. 
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Treloar 46 has also shown that provided the deformations are 
not too large a relation of this form can successfully account for 



Fig. 32.—Large extensions in rubber. The displaced curves indicate the hysteresis 
effects after different deformations. 46 

the experimental results under tension and compression in a single 
curve (Fig. 31). The deviation between experiment and theory 
shown in this curve at the highest tensions is in the opposite sense 
and on a much lesser scale than those deviations which take place 
at elongations of 600 to 700 per cent where the stress rises to more 
than double the predicted value (Fig. 32, curve {a)). 
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All these theories neglect the effect of possible loose ends or 
terminal chains connected to the network by one end only, but 
a consideration of this has recently been made the basis of an 
important theoretical development by Flory. 56 He investigated the 



% elongation 

Fig. 33.—'The stress-elongation curves for slightly vulcanized Butyl rubbers of 
differing initial molecular weight. 56 



Fig. 34.—The modulus at 300% extension of a butyl rubber plotted against the 
reciprocal of the molecular weight before vulcanization. 54 
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effect of the molecular weight of the initial polymer on the 
mechanical behaviour of a slightly vulcanized butyl rubber. 
Resulting stress-strain curves (Fig. 33) show clearly how the stress 
required to cause a given deformation is increased as the molecular 
weight of the original polymer is raised. Similarly, the deformations 
at which the curve becomes nearly vertical are reduced. These 
curves may be further elucidated by plotting the “modulus” at 
300 per cent elongation against 1/M, where M is the number 
average molecular weight of the polymer before vulcanization 
(Fig. 34). It is seen that a reciprocal relation between molecular 
weight and elastic “mod ulus” is clearly indicated. It seems probable 
that there will also be a tendency for the observed “modulus” to 
decrease as the molecular weight is raised with most polymers, 
showing the highly elastic type of deformation. 


Effect of Temperature on High Elasticity—Mechanical 
Measurements 

The above theory deals with equilibrium deformation in rubbers 
at temperatures where the tension is determined by the tendency 
for the molecules to return to their most probable configurations. 
Under these conditions as the temperature is raised the stress at 
a given deformation increases, since it is the thermal agitation 
which tends to favour purely random configurations and so to 
bring back the rubber to its normal shape. However, if the tempera¬ 
ture of a rubbery material is steadily reduced the frictional forces 
tending to oppose the intermolecular rearrangements, which are 
necessary for equilibrium deformations to be reached, increase. 
So energy comes to be absorbed in the process of molecular 
rearrangement and the stresses arising therefrom may grow to be 
larger than those which derive from the true forces of high 
elasticity. At still lower temperatures the internal forces of friction 
may become so large that the stresses required to bring about the 
rearrangement necessary for showing a high elastic deformation 
are well above the breaking strength of the material, and the 
“rubber” behaves like a glassy Hookean solid. Between the 
extremes of the “glassy” and “rubbery” states there exists, for 
materials capable of true high elasticity, a region where deforma¬ 
tion is markedly dependent on the time. This was clearly demon¬ 
strated for methacrylate polymers by Alexandrov and Lazurkin. 3 

Recently some interesting curves for a butadiene-acrylonitrile 
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synthetic rubber have been obtained by Conant and Liska, 57 who 
measured an elastic modulus in bending after specific times and 
over a range of temperatures (Fig. 35). The results show that time 
effects are small at 0° C. and — 60° C. but that in between these 
limits is a marked separation of the curves based upon different 



Temperature °C. 

Fig. 35.—The elastic modulus of a butadrene-acrylomtrile rubber for different 
temperatures and times of measurement. 57 

times of measurement. Over the whole temperature range the 
elastic modulus falls by a factor of 100, a difference which illus¬ 
trates the great increase in deformability taking place as true high 
elasticity comes into play. Such changes in elastic modulus occur 
for most polymeric materials, though the temperature range at 
which the change comes about differs greatly for different sub¬ 
stances, which can be characterized by this temperature or 
transition point. However, since the high elasticity of a material is 
not capable of representation by a single modulus, and because 
time and stress effects play a large part, the conception of an 
elastic temperature above which true high elasticity occurs has 
not yet been precisely defined, though the elasticity changes are 
generally so steep over the critical range that differences occasioned 
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by variations in method of measurement are not large. Approxi¬ 
mate data, together with a discussion of this subject, have been 
given by Tuckett 58 (Table XVII). 

Tuckett concludes that the effects may be qualitatively explained 
through the ease of occurrence of free rotation along the molecular 
chains. Where bulky side groups occur, and particularly where all 
the carbon atoms along the chain are substituted, free rotation is 
commonly reduced. For instance, rotation is comparatively easy 


Table XVII. Temperature of Elastic Transition for 
Various Materials 


Polymer unit 

Transition temperature 

Isoprene (rubber) 

Chloroprene 

Isobutene 

Vinyl acetate . 

Methyl acrylate 

Methyl methacrylate 

Styrene 

Vinyl chloride. 

Vinyl formal 

°C. 

- 50 to - 70 

- 50 to - 70 

- 50 to - 70 

35 to 45 

20 

70 to 90 

70 to 90 

100 to 110 

115 


with polymethyl acrylate, but where a hydrogen is replaced by 
methyl as in polymethyl methacrylate the ease of rotation is 
greatly diminished and the elastic temperature raised. Where 
rings occur, as in polyvinyl formal, rotation is partially suppressed 
and the elastic temperature further increased. However, this effect 
is not universal; where the side groups take the form of paraffin 
chains particularly, the opposite occurs and the substituent groups 
make the material softer. In Chapter II this question was discussed 
in connection with the static strength properties of butyl metha¬ 
crylate and various substituted cellulose esters, and it may be 
assumed that in these cases strength and deformation properties 
are roughly parallel. Certain copolymers, e.g. butadiene-styrene, 
where monomers tending to give hard and soft polymers are 
combined, need a comparatively large amount of the more rigid 
monomer to raise the elastic temperature since the tendency to 
restrict rotation is proportional to the square of the fraction of 
substituent groups. 59 For instance, with a 2 : 1 styrene-butadiene 
copolymer the transition temperature measured by the method 
of Ueberreiter, 60 i.e. from the volume-temperature curve, 
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comes to — 70° C. in spite of the high proportion of styrene 
present. 

It has further been shown that the elastic transition temperature 
can be reduced by the addition of plasticizer. This shows that 
chain-chain interaction as well as rotation must play a part in 
these highly elastic effects. By applying alternating stresses to 
plasticized methacrylate polymers Alexandrov and Lazurkin 3 
found that the deformation obtained depended on the temperature 
and the frequency of the applied stress; on the basis of a specific 
frequency factor, Tuckett 58 used their results, and also those of 
Miller, Busse and Davies, 61 to derive the elastic temperatures of 
plastic materials containing different quantities of plasticizer 
(Table XVIII), and thus to demonstrate the lowering of elastic 
temperatures to be obtained with suitable plasticizers. 


Table XVIII. Effect of Plasticizers on the Tfmperature of 
Elastic Transition 


System 

Plasticizer 

Elastic temperature 


0 

/o 

C 

Polymethyl methacrylate 

0 

125 


10 

87 


30 

56 

Polyvinyl chloride 

0 

89 

Tricrcsyl phosphate 

10 

70 


20 

54 


30 

32 


40 

17 


50 

- 10 


The difference between the value given here for unplasticized 
methacrylate and that given in Table XVII is to be ascribed to 
differing experimental criteria, and illustrates the approximate 
nature of these temperatures in relation to mechanical properties. 
Tuckett 58 shows, too, that the temperature region of high elasticity 
is raised by cross-linking agents, and figures are given for vulcanized 
rubber and divinyl benzene-styrene copolymers which illustrate 
this type of behaviour. 


Time Effect in Retarded Elasticity 

It has been established that complex effects occur in the tempera - 


G 
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ture region where high elasticity first comes into play. The descrip¬ 
tion and explanation of these phenomena, which are in some 
degree characteristic of many of the ordinary plastic materials at 
the temperatures at which they are used, has been the subject of 
much theoretical and experimental work but has not yet reached 
a satisfactory stage. To explain the effects observed Burgers 62 put 

forward a number of models 
ii based on arrangements of elastic 

and viscous elements in series 
and parallel. One of his most 
Sj O 'widely applied models (Fig. 36) 

is the appropriate model for an 
'' equation quoted by Mark 63 and 




Tuckett : 37 

D — D 0 e + D Hl -) D vist . 


S 

E 



(1 - e- Vr) + ? 


/ 


where r is a constant commonly 
known as the relaxation time 
Vise, (not the entity defined by Max¬ 
well; the terms orientation and 
retardation time have been sug- 
„ „ A , gested 46 ) and E„ e and « are 

springs and dashpots illustrative of m °duh dependent on the highly 
the types of deformation in high elastic deformation and vis- 
polymers .- 17 cosity respectively. This equa¬ 

tion has the advantage that a 
definite meaning can be given to r if formulated as a rate constant, 
with a specific energy of activation describing its temperature 
dependence, but it has two disadvantages. Firstly, the highly elastic 
deformation cannot be regarded as proportional to the stress even 
in equilibrium theory, since this is not so with rubber, 64 and with 
many plastic materials departures from stress proportionality may 
be large. Secondly, the existence of the viscosity term, which is 
assumed to be linear with time, has led many workers to assume 
that the occurrence of a steady deformation among other simul¬ 
taneous deformations is sufficient evidence that true viscous 
deformation occurs. 

In order to overcome the difficulty of the lack of stress pro- 
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portionality in the highly elastic deformation this term has been 
written in the form: 3 

Dhe — Dhe™ (1 e 

where D HEx is simply the limit of the highly elastic deformation 
occurring after a long time under the conditions of the experiment. 
However, this relation has required further modification and the 
suggestion has been put forward that D HE be represented by a 
series of such terms, namely:' 

D he — X D HEx (1 e ,/T ') 

In this connection Tobolsky and Eyring 65 agreed that a series 
of such terms can give a curve obeying the relation D oc log t as 
found in some empirical treatments, but consider that the place 
exchange theory of Eyring (p. 112) affords a more useful approach. 
Naturally there are considerable difficulties in the way of applying 
such an unwieldy theory as that involving the summation of a 
large number of elasticity terms, but the treatment retains the 
advantage over the purely empirical approach, that the relaxation 
times are capable of logical relation to the temperature through 
the energy of activation u where w is given by 

T — ke~ U/RT 

It also follows as a further consequence of this theory of a range 
of relaxation times that a steady time-dependent deformation 
cannot be taken as evidence of true viscous flow since a large 
highly elastic deformation with a long relaxation time can give a 
similar deformation time effect. 


Effect of Molecular Weight on the Time Factors in Highly Elastic 
Deformation 

A relaxation time form of treatment has been used by Flory 56 
as a method of investigating the effect of initial molecular weight 
on the rate of deformation of unvulcanized butyl rubber. When 
this rubber is stretched a large deformation takes place quickly, 
but further small deformations occur if the material is maintained 
under constant stress over a period of time. Plots of this slow 
deformation in the form of log a against time (where a is ///„ as 
before) are nearly linear and Flory took the slope after 10 min. 
when a = 1 • 5, as the standard measure of the rate of deformation. 
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From this he showed it was possible to derive the constant of 
stress relaxation which would have been observed if the material 
has been kept at constant elongation. This was expressed in the 
form: 



Where G is the parameter in the relation: Stress = (7. fn (a). 
Plots of this quantity against 1/A/ arc again linear (Fig. 37). 



Fig. 37.—The relaxation constant of a butyl rubber plotted against the reciprocal 
of the molecular weight of the original unvulcanized polymer (M). 56 


A similar but more simple treatment of the same problem has 
been given by Rehner. 66 He plotted the quantity (Z) (60 sec) — 
Aio sec>) against 1/A/ and again obtained a linear relation. His 
experiments, which were also carried out with polyisobutylene, 
were made with a plastometer arrangement in compression and 
were considered to be sufficiently accurate to be used as a routine 
method of checking molecular weights. 

In another series of experiments also carried out with butyl 
rubbers Zapp and Baldwin 67 investigated the effect of altering the 
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molecular weight distribution on the force required to compress a 
moulded cylindrical pellet to 50 per cent of its height in 10 sec.; 
they found this force was greatest with a pure fractionated 
polymer and decreased as the range of the molecular weight 
distribution increased. The rate of elastic recovery when the stress 
was removed was also found to be generally higher with the 
narrow distribution of molecular weights. Thus, it is to be expected 



Fig. 38.—The Young’s Modulus of polymethyl methacrylate fibres plotted against 
temperature. (A) From quick acting testing machine. ( B) From total elongation 
of fibre. (C) From instantaneous elongation of fibre. 68 


that in a normal plastic the rates of deformation will be affected 
not only by the number, or weight, average molecular weights but 
also by their distribution. 


Experimental Application of the Relaxation Time Treatment 

An example of the application of relaxation theories to poly¬ 
meric materials is given by the work of Robinson et al . 68 on 
methacrylate fibres. They assess an elastic modulus by different 
methods and find a marked fall over the range of elastic transition 
from 70 to 100° C. (Fig. 38), and the investigation of volume 
changes by the method of Ueberreitter gives a transition tempera¬ 
ture of 71 • 1° C. (Fig. 39). The difference between this figure and 
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that quoted by Tuckett from Alexandrov and Lazurkin being 
presumably due to the use of fibres and differing time-stress 
conditions. In long time deformation experiments curves like those 
of Fig. 40 are obtained, using loads of such a character that the 



Fig. 39.—The dilatometric transition point of polymethyl methacrylate. 68 


total deformations obtained go up to about 10 per cent. The 
experiments were made in or above the region of elastic transition 
where the deformations were shown to be roughly proportional to 
the stress. 



Fig. 40.—The deformation of polymethyl methacrylate fibres 
under constant load. 68 

The authors then analysed the deformations in terms of a 
Hookean modulus, three delayed elastic extensions, and a 
deformation proportional to the time which is treated as a viscous 
deformation. They show that two of the delayed elastic deforma¬ 
tions give linear plots of log (relaxation time) against the reciprocal 
of the absolute temperature, and so may be related to activation 
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energies. It should be noted that these experiments were made at 
relatively high temperatures and small deformations when the 
highly elastic forces are most likely to be controlling and to be 
approximately proportional to the stress. However, the applica¬ 
tion of methacrylate as a plastic generally involves the subjection 
of the material to all sorts of stresses mostly in the temperature 
range 0 to 30° C., and a theory of strength must also consider 
behaviour under these conditions however difficult it may be. 

A very interesting application of the relaxation time treatment 
to a number of rubbers has been presented by Tobolsky and 
Andrews. 69 They distinguished between three temperature ranges 
in the behaviour of rubber-like materials. At intermediate 
temperatures the deformation at a particular stress (or vice versa) 
quickly reached a steady value which could be explained by the 
theory of high elasticity. At high temperatures the deformation at 
a given stress, which at first approximates to that given by equili¬ 
brium theory, gradually increases with time; and at low tempera¬ 
tures the deformation is initially less than the equilibrium 
deformation but gradually approaches it. Similar relations are 
observed if the relaxation of stress at constant deformation is 
studied, and the higher temperature behaviour is simpler than 
with deformation owing to the formation of secondary linkages 
during the process of creep. 

Curves for the relaxation of stress at different temperatures 
corrected for temperature proportionality according to the theory 
of high elasticity are given in Fig. 41. In the quantitative investiga¬ 
tion of these relations it was found that the high temperature 
stress relaxation was capable of a particularly simple treatment, 
only one relaxation time being necessary at any particular tempera¬ 
ture. These relaxation times could be correlated through an 
activation energy of 30-4 k. cal. Tobolsky and Andrews further 
demonstrated that the characteristic high temperature relaxation 
only occurred in the presence of oxygen, the relaxation times 
being a thousandfold greater in nitrogen, and concluded that the 
process was one involving the scission of primary bonds identical 
to that occurring in the ageing of rubber. In the case of low 
temperature stress relaxation the curve was not of a simple 
Maxwellian form though the different curves obtained all appeared 
to be of a similar shape. 

In another paper Tobolsky and Stern 70 extend the application 
of the relaxation theory to the case of polysulphide rubbers; the 
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relaxation of stress in the range 35 to 120° C. could again be 
represented by a single relaxation time at a given temperature, and 
the results at different temperatures could be correlated through 
an activation energy of 25 k. cal. In this case also, stress relaxation 
behaviour was simpler than creep. However, a point of contrast 
emerged in that with the polysulphide rubbers the process of stress 
relaxation was independent of the presence of oxygen. Thus it can 
be said that the results of Tobolsky and his co-workers confirm 



Time, in hours 

Fig. 41.—Elastic modulus curves based on the stress relaxation of natural rubber at 

different temperatures. 69 

the value of the relaxation time theory in explaining the behaviour 
of rubbers in the higher temperature ranges. 


Empirical Treatment of Deformation 

From the strictly practical angle the theory of relaxation times 
frequently suffers from a lack of directness and simplicity in 
approach, for instance, where more than one relaxation time is 
required to account for the results obtained, and for this reason 
methods of treatment have been developed by rheologists which 
allow for a quantitative description of deformation processes 
without the necessity of disengaging all the complicated mechan¬ 
isms involved, and without necessarily distinguishing between 
D m and D vhc . This work was begun by Scott Blair, whose work 
on firmness will be further discussed in the next chapter, and by 
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Nutting, 71 who first used the following equation to describe the 
deformation of certain materials in shear: 

D = t k 

where ifi , j3 and k are constants characteristic of the material. 

The same equation has subsequently been used successfully to 
describe the results of other types of deformation experiment. 
Application of this equation to discover the effect of stress on the 
deformation of plastic materials usually gives values of j8 greater 
than unity, i.e. the rate of deformation increases more rapidly than 



Fig. 42.—The non-ideal deformation of plasticized cellulose acetate film under 

constant load. 74 

the stress, though values of 0-6 have been reported by Scott 
Blair 72 for certain filled phenolic resins. Characteristic high values 
have been obtained by Nutting 73 for a paint, and by Haward, 74 
using a modified form of the equation, and the results of Press, 75 
and Couzens and Wearmouth 76 further illustrate rates of deforma¬ 
tion increasing more quickly than the stress. With some materials 
this rate of increase is so great after a particular stress is reached 
that a definite “yield point” may be satisfactorily employed to 
describe the deformation, i.e. a stress is postulated above which 
non-ideal deformation occurs and below which it does not take 
place. This increase in rate of extension with comparatively small 
ircreases in stress is illustrated in Fig. 42 for the extension of 
cellulose acetate under constant load. 

With regard to the effect of time on the deformation of plastic 
materials the changes taking place in k, the time index, under 
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Fig. 43.—Logarithmic plots of torsional deformation against time for plasticized 

polyvinyl chloride. 77 



Fig. 44.—The variation of the index of time dependency or “coefficient of dissi¬ 
pation” with temperature for plasticized polyvinyl chloride. 77 
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differing conditions have been illustrated by the work of Bilmes, 77 
who investigated the properties of plasticized polyvinyl chlorides 
in a torsion apparatus over a range of — 70 to 100° C. He used 
torques such that the angle of deformation was less than 120° in 
100 sec. and obtained straight lines for plots of log (torsional 
deformation) against log (time) (Fig. 43) and approximate pro¬ 
portionality with stress (j8 — 1). In this way he made measurements 
of k and also of t/r, the former illustrating the extent to which the 
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Fig. 45.—The changes of state of plasticized polyvinyl chloride in terms of the 
constants 4t and k in the Nutting equation. 77 


deformation depended on time and the latter the “elastic modulus” 
of the material. Where the time effects are zero a small $ cor¬ 
responds to an elastic modulus which can be given real meaning. 
The behaviour of k at different temperatures (Fig. 44) led Bilmes 
to describe his material as passing through four distinct states as 
the temperature is raised, namely: the glassy state (<p > 10 10 ), 
leathery (</< 10 10 — 10 7 ), highly elastic (</r 10 7 — 10 6 ) dynes/in. 2 
and plastic states (Fig. 45). 

It will be seen that the “leathery” state corresponds with the 
peak in the value of k, i.e. in the time-sensitivity, and also approxi¬ 
mately with the period of rapid change in elastic modulus illus¬ 
trated for another material in Fig. 35. Most plastics and rubbers 
will therefore show the properties of this state at some temperatures 
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and its importance in use will depend on whether these are the 
temperatures at which the material is to be applied and also 
whether the transition to the true rubbery condition is sharp or 
spread out over a considerable temperature range. The curves for 
cellulose acetate (Fig. 42) with the marked time element involved 
may also be regarded as descriptive of the “leathery” state, 
although the values obtained for <// do not agree with those 
obtained by Bilmes owing to the high values of and the 
consequent dimensional heterogeneity of the equation. 

In what Bilmes described as glassy state the material is hard and 
likely to be brittle; all the types of deformation depending on 
molecular rearrangement are suppressed, and as with massive 
glass, deformation tends to that of an ideal Hookean solid. It is 
probable that at sufficiently low temperatures most plastics will 
show pure Hookean behaviour but care must be used in applying 
the criteria of Bilmes to other plastic materials. For instance, the 
celluloid investigated by Haward 74 had a Young’s modulus of 
17,000 kg./cm. 2 (1-7 x 10 10 dynes/cm. 2 ) and therefore just fell 
into the region of the glassy state but nevertheless was capable of 
yielding a non-ideal deformation of > 30 per cent when subjected 
to stresses of > 300 kg./cm. 2 which did not break the material; 
in other words the value to which the overall “elastic modulus” 
must fall in order to indicate truly “glassy” behaviour varies from 
one material to another. 


Limit of Extensibility 

Recent work on the properties of cellulose derivatives in solution 
have yielded evidence that the disposition of cellulose chains may 
well be very different from the state of random disorganization 
assumed in the case of rubber molecules. Experiments by 
Mosimann, 78 and Campbell and Johnson 79 both lead to the result 
that the distance between the ends of the chain of dissolved 
cellulose nitrate approximates, except in the case of the longest 
molecules, to that of the fully stretched chain alone, and even with 
the highest degrees of polymerization only a very moderate 
amount of kinking can be assumed. The results given in Table 
XIX taken from the work of Mosimann illustrate the axial ratios 
of cellulose nitrate molecules calculated for the completely 
stretched chain and also from experimental work on solutions. 

These results receive further support from the work of Doty, 
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Zimm and Mark, 80 who showed that the light scattering pheno¬ 
mena given by cellulose acetate in acetone solution corresponded 
with a relatively extended molecular configuration as contrasted 
with that of polystyrene dissolved in methyl ethyl ketone where 
evidence of a kinked configuration was found. 

Other experiments leading to generally similar results have been 
described by Gralen, 81 together with a full account of the 
theoretical treatment involved. However, the precise significance 
of this evidence has recently been questioned by Hermans, 82 who 


Table XIX Average Effective Axis Ratios of Five Cellulose Nitrate Fractions 

COMPUTFD FROM MOSIMANN'S DATA 78 


Axial ratio calculated 


Molecular weight 

D P 

Completely 
stretched out 
molecule 

Computed from 
sedimentation 

Computed from 
frictional ratio 

613,000 

2,320 

1,083 

320 

290 

199,000 

750 

352 

210 

188 

80,200 

300 

140 

140 

144 

30,000 

113 

53 

60 

57 

6,200 

26 

12 

15 

16 


shows that some of Gralen’s results do not require a completely 
rigid molecule but may also be explained by other assumptions, 
namely: in the cellulose chain there is still random kinking as 
between Kuhn’s "statistical chain elements" (lc in formula 2, 
p. 81) but that in this case each chain element must be held to 
comprise of about 20 monomer units. Reference to Kuhn’s 
formula shows that any such assumption will have the effect of 
greatly increasing the average distance between the ends of the 
chain, and so, for the purposes of a qualitative theory of deforma¬ 
tion the assumption of an increased initial extension (the "span”) 
for a cellulose chain remains justified in either case. 

Thus, unless it is assumed that the cellulose nitrate molecule in 
a plastic composition is much more closely kinked up than in 
solution, it is impossible to assume the existence of anything 
precisely similar to the high elasticity of rubber with a cellulosic 
material, and its behaviour must be expected more to correspond 
to that of rubber in the region where large departures are found 
between experiments and theory owing to the straightening of the 
molecular chains. Clearly, even a slightly kinked chain can be 
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straightened out and rearranged, but the processes involved when it 
is already nearly straight will be different from those taking place 
with a molecule in a randomly kinked condition. It follows that 
very definite limits are to be expected to the true highly elastic 
deformation of the cellulose plastics. In fact a limitation of 60 per 
cent in the deformation of a cellulose acetate gel was reported by 
Poole 83 and in his modified form of the Nutting equation 
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Fig. 46.—The non-ideal deformation of celluloid under constant load plotted so as 
to demonstrate the constant limit of extensibility at infinite time. So is the 
initial stress in kg/cm 2 . 74 In spite of large differences in the rate of deformation 
all the lines converge on a similar final value. 

Haward 74 - 84 found it necessary to introduce a constant corre¬ 
sponding to a limit of highly elastic extensibility of 50 per cent for 
cellulose acetate and 30 per cent for cellulose nitrate. 

This treatment showed that the apparent increase in the rate of 
deformation which sometimes occurs when a cellulose ester film 
is stretched under constant load may be quantitatively ascribed to 
the increase in stress as the cross-section diminishes. The results 
could be reduced to a linear form so that approximate estimates 
of the limit of deformation could be made even when the material 
fractured at about half the maximum extension. Results for cellu¬ 
loid are given in Fig. 46. It will be seen that as the time increases 
(l/t 0 7 decreases) the lines at different stresses all converge 
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on much the same value of 1 /D HE and that these approximately 
correspond to a value of D HE = 0-3 (30 per cent). 

This limit of a highly elastic deformation (which was shown to 
be reversible on warming) was ascribed by Haward and also by 
Tuckett 37 to the relatively stretched out character of the cellulose 
chain as deduced from steric considerations. With a plasticized 
cellulose acetate this limit of extension, as would be expected in 
the case of structural feature, does not appear to vary markedly 
either with the temperature or the stress, and as a result of his 
extension experiments on cellulosic and other materials Haward 


Table XX. Limit of High Elasticity of some Plastic Materials 


Material 

4 

Approximate limit of 
highly elastic deformation 

Natural rubber. 

°/o 

700-1,000 

Plasticized polymethyl methacrylate 

500 

Plasticized polyvinyl butyral 

300 85 

Cellulose acetate 40% dimethyl phthalate 

50 

Cellulose nitrate—camphor sheet (celluloid) .. 

30 

Swollen cellulose fibres .. 

400 86 


The word approximate is emphasized. If the deferences were not so 
large the figures could not be regarded as significant. 


concluded that this limit of the potentially reversible highly 
elastic deformation was one of the fundamental properties of a 
plastic and largely influenced by the structure of the chain. Some 
approximate figures for this property at normal temperatures are 
given in Table XX for a few high polymers. 

A good deal of attention has been given to the problem of 
the maximum deformation of cellulose fibres by Hermans. 86 - 87> 88 
Firstly he demonstrated the differences in maximum extensibility 
between cellulose and various rubbers in general terms (Fig. 47) 
and he then went on to investigate the particular characteristics 
of the cellulose fibre. He found that the deformation was only 
partially reversible, whereas with plastics the slow limited 
deformation is at least potentially reversible in that full contraction 
will occur on warming. This was found by Haward for plasticized 
cellulose acetate and nitrate and methyl methacrylates. Similarly 
Aiken, Alfrey Janssen and Mark 89 found that all the creep 
deformations of a plasticized vinyl chloroacetate polymer were 
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fully recoverable. To explain his results Hermans suggests that 
crystallization is playing a major part in the deformation process 
and that new linkages which are not readily broken up are formed 



Fig. 47.—Deformation-load curves for rubber and cellulose fibres. 86 



Degree of swelling 

Fig. 48.—The maximum extensibility of swollen cellulose fibres in relation to the 
degree of swelling. Curve ( A ) is based on the wet length and {B) on the dry 
length of the fibres. 88 

between the chains during the extension. From the strictly 
rheological point of view, therefore, these deformations can hardly 
be classed as of the highly elastic type, though they are treated as 
such here on the assumption that they are also concerned with the 
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straightening out of polymer chains. This assumption is also made 
by Hermans, who notes that deformations above 100 per cent could 
not occur in a system of linked rod-like particles 90 and therefore 
concludes that the cellulose molecules are at least partially kinked. 

A particularly interesting point arose when Hermans investi¬ 
gated the relation between the maximum extensibility and the 
degree of swelling of a wet cellulose fibre 88 (Fig. 48). If the maxi¬ 
mum extension is related to the initial length of the swollen fibre it 
first rises and then falls with the degree of swelling (curve A), but 
if this extension is referred to the dry length of the same fibre it 
is found that the final deformation becomes constant when the 
degree of swelling is above 1-3 (curve B). Presumably a small 
amount of water is necessary to facilitate the chain extension 
process at stresses below the breaking strength of the fibre; it 
follows that the maximum extensibility is inversely proportional 
to the cube root of the swelling ratio. Obviously, if this system 
is analagous to that of a plasticized polymer the somewhat 
unexpected conclusion is reached that an increase in plasticizer 
content over a certain amount will reduce the maximum exten¬ 
sibility of the material. 

Another factor which affects the limit of extensibility of a polymer 
is the occurrence of crystallization. This plays a considerable part 
in determining the mechanical properties of rubbers and especially 
of natural rubber, but is absent in many of the common plastics 
which do not crystallize (e.g. polymethyl-methacrylate, poly¬ 
styrene, vinylacetate 904 ). In the case of a natural rubber vulcani- 
zate, Gee 900 has shown that when the temperature at which the 
experiment is carried out is raised from 20° C. to 70° C., the 
deformation at 1,000 kg/cm 2 (actual cross-section) increases from 
550 per cent to 650 per cent. The difference is explained by the 
greater amount of crystallization occurring at the lower tem¬ 
perature. In the case of rubber, it also seems unlikely that the 
long chain molecules will be effectively straightened out even by 
an extension of 800 per cent. For this reason, Meyer and Van 
Der Wyk 91 have suggested that the chain straightening only takes 
place in portions shorter than the whole molecule, so that a felt 
is formed (Fig. 49). According to Gee, 90b the felted portions of 
different molecules would be largely incorporated into the crystal- 
li le phase. From either point of view, the molecules are not easily 
extended further. 

Another example of limiting extensibility has recently been 

H 
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given by Speakman, 92 who has shown that a keratin fibre deforms 
in such a way that it tends to a limit of 70 per cent extension. 
From this observation, he draws conclusions about the folding 
of the molecules concerned. 

If we are correct in assuming that a limit of highly elastic 
deformation plays a considerable part in the large deformations of 
plastic materials it follows that these properties cannot be 
adequately represented by the conventional spring and dashpot 
models. In the characteristic case such a material will show a 
constant deformation limit at long times, approximately in¬ 
dependent of stress, provided that viscous flow does not occur and 


f-*- a, — >-l 



Fig. 49.—A model suggested to explain the limited extensibility of rubber. 91 


that rupture does not take place before the final deformation is 
approached. The general conditions favouring such properties in 
plastics are those in some degree characteristic of the low tempera¬ 
ture conditions observed by Tobolsky and Andrews 69 (Fig. 41); 
here the internal resistance or viscosity of the material is so large 
that the stresses required to cause deformation at a measurable 
rate are large compared with the forces of elastic retraction at 
moderate extension and the deformation proceeds directly to the 
maximum value where the chains are straight (or felted). The final 
deformation is controlled by that part of the stress-strain curve 
which is nearly parallel with the stress axis and is therefore 
approximately independent of the stress. However, the possibility 
of actually measuring the maximum deformation in a particular 
experiment will depend on the time allowed and on whether the 
fracture process overtakes the deformation before the limit is 
reached. Experience suggests that this tends to happen increasingly 
as the temperature is reduced, until, in the glassy state, the plastic 
is broken before any appreciable amount of non-ideal deformation 
can occur. 

It has been stated that deformation under the conditions dis- 
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cussed above cannot readily be treated by means of the relaxation 
time approach, but the work of Robinson et al . b8 suggests that 
this method can conveniently be used when small slightly delayed 
deformations occur at low stresses. In these circumstances the 
ordinary forces of high elasticity control the deformation before 
the limit of extensibility is approached and the spring and dashpot 
models are therefore relevant. 



Fig. 50.—The small time dependent deformations of celluloid, occurring at the end 
of a larger, ideal, Hookean deformation. 93 


Finally, reference may be made here to the existence of some 
small slow deformations in the range between the true Hookean 
deformation and the highly elastic process. These were ignored by 
Haward, who allowed for the Hookean deformation (< 2 per 
cent) and then measured the much larger highly elastic deforma¬ 
tions, but Coker and Filon 93 have described some small time- 
dependent deformations obtained with celluloid (Fig. 50) which 
amounted to about one-sixth or less of the initial (ideal Hookean) 
strain. These results are of considerable interest in that they 
favour the view that variations of Hookean elasticity with tempera¬ 
ture may be due to small delayed elastic effects. If changes in 
temperature are assumed to be equivalent to altering the time in 
which elastic deformation is measured it is clear that variations 
in this modulus are possible, due to incorporating mote or less of 
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these delayed elastic effects. Coker and Filon showed that the results 
could be represented by a relation of the type D — a + bt Vi + ct 
and thus they implicitly recognized that the deformation of 
plastic materials was not all of one kind. 


Viscous Flow 

It is probable that true viscous flow is a rarer phenomenon with 
high molecular weight materials at normal temperatures than a 
first perusal of the literature would lead one to believe. Certainly 
the existence of apparently irreversible deformations under stress 
cannot be accepted as final proof that viscous flow has taken 
place. This subject has been considered by Gurevich and Kobeko, 94 
who quote an interesting case of a moulded bar of polystyrene 
which, when heated to 150° C., returned approximately to the 
original shapes in which it had been polymerized; only a very 
limited amount of flow had occurred during the moulding process 
and the bar had been shaped through deformation of the highly 
elastic type. The same workers also reviewed some experiments by 
Church and Daynes 95 on ebonite which showed that if this 
material is twisted through an angle of 20° the amount of 
apparently permanent deformation remaining after removal of 
the torque, is a maximum over a short temperature range and less 
at temperatures above and below. According to Gurevich and 
Kobeko these results are due to the occurrence of a predomin¬ 
antly ideal (immediately reversible) Hookean deformation at low 
temperatures and to the reversibility of the highly elastic deforma¬ 
tion at higher temperatures. In the intermediate range the delayed 
high elasticity is not readily reversible as the elastic forces may 
not be greater than the frictional forces opposing the molecular 
rearrangements, and the apparently irreversible deformation 
therefore reaches a maximum. Thus, in this case, what appears 
to be viscous flow is actually a highly elastic deformation. 

Unless appreciable amounts of flow take place comparable with 
other types of deformation, viscous flow has only a specialized 
importance in strength tests where the irreversible nature and the 
consequent permanence of the changes brought about by it are 
significant. However, the whole question has a considerable 
importance in connection with the suitable temperatures and 
conditions for moulding, and has been discussed by Tuckett. 96 
In this treatment the ideal Hookean deformation is neglected in 
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comparison with other types of deformation and we write for D 
the deformation in time t, namely: 

D — D viiC + D he (t) 

= Ate—j^r + D HEx ( \-e~ IIT ) 



Fig. 51.—Theoretical curves for the temperature dependence of highly elastic and 
viscous deformations. g< > 


where E visc is the energy of activation for viscous flow and the 
viscosity term is formulated in the simplest way. 

Although the high elasticity term in this equation may differ 
according to the stress employed, the relation does give an 
indication of the relative behaviour of the two types of deforma¬ 
tion. The resultant and particular deformations are illustrated in 
Fig. 51 taken from Tuckett’s paper, where the highly elastic 
deformation is taken from the work of Alexandrov and Lazurkin 3 
and the viscous deformation is based on an assumed energy of 
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activation of 20,000 cal./gm. mol. The relative positions of the 
two curves could easily be displaced, but the results indicate the 
characteristics of the two types of deformation and in particular 
the limit to which, according to the relaxation time theory, D HE 
tends at a given stress as the temperature is raised or the time 
increased, and also the continuous character of the viscous process. 
Taking the above relation, if t/r < 10“ 1 then 

D m r = D he tjr approximately 



Fig. 52.—The melt viscosity of a linear polyester plotted against the square root of 

the molecular weight. 97 


thus for times short compared with the relaxation time a material 
whose highly elastic deformation followed this relation could not 
be distinguished from one showing plastic flow by a pure 
deformation experiment. 

The amount of viscous flow is markedly dependent on the 
molecular weight of the polymer concerned and Flory 97 found 
that with linear polyesters the logarithm of the viscosity was 
proportional to the square root of the molecular weight as shown 
in Fig 52, thus the viscosity of a polymer may be represented by 
the relation 

log rj — A + P 
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and on this basis Flory found that E visc was independent of 
molecular weight and varied from 8,050 cal./gm. mol. for deca- 
methylene sebacate to 8,550 cal./gm. mol. for decamethylcne 
succinnate. 

Basing his procedure on these conclusions and taking the 
softening point as an iso-viscous measurement Tuckett concludes 
that where a true softening point (TJ is being measured unaffected 
by elastic effects 

H VM W + E/RT , — constant. 



Fig. 53.—The reciprocal of the absolute softening temperature plotted against the 
square root of the molecular weight for polyvinyl acetate. 96 


This relation is obeyed for measurements on vinyl acetate polymers 
by Morrison 98 (Fig. 53). On the other hand where the softening 
point measurement is not based on viscous flow alone these 
relations should be curved, and such relations are obtained in the 
vinyl acetal series. 

Flow occurring under deformation at normal temperatures was 
investigated by Treloar with rubber, 99 taking extreme precautions 
to obtain full recovery of the elastic part of the deformation. The 
strips of strain free rubber were extended for 1 hour at 25 and 
50° C. and then allowed to recover as much as possible at the 
same temperatures. Further recovery was then brought about by 
swelling in mixtures of benzene and alcohol. The results showed 
that irreversible plastic flow was much larger at 50° C. than at 
25° C. and at the latter it was always small compared with the 
elastic deformation. The outstanding feature of the experiments 
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was that plastic flow was found to rise to a maximum at a given 
deformation of the rubber (300 to 400 per cent depending on the 
temperature), and when the rubber was held at deformations above 
and below this maximum much lesser amounts of plastic flow 
were obtained. Treloar interprets the results as follows: flow 
increases with the deformation until crystallization takes place and 
operates to reduce the amount of flow. However, the extent to 
which this mechanism may operate in other cases is not clear since 
Astbury 100 has shown that the marked crystallization occurring 
with rubber and some other polymers is by no means general with 
many common plastics (e.g. methacrylate). 

A Molecular Theory of Flow 

So far no fundamental theory has been described which attempts 
to account for all the various effects associated with the action of a 
stress on plastic materials. The phenomena concerned are extremely 
complicated and it is unlikely that any simple law can be discovered 
which will cover all the observed cases, but the theory of viscous 
flow put forward by Eyring 101 does seem to satisfy a considerable 
range of observations, and would appear to justify a wider appli¬ 
cation to experimental results. Further, although the theory has 
been developed in connection with viscous flow, it may prove to be 
capable of application to the highly elastic deformation of plastics 
in the “leathery” state where viscous forces play a major part in 
opposing the deformation of the material. However, wherever the 
deformation is comparable to the limits of highly elasti'c extension 
some further correction would no doubt have to be introduced to 
allow for this condition. 

According to the Eyring theory the viscous flow process is the 
consequence of the movement of a molecule, or a segment of a 
molecule, from one equilibrium position to the next. If E is the 
height of the potential barrier to be crossed between the two 
positions, the frequency with which such steps occur under the 
influence of the thermal agitation will be proportional to e~ EIRT - 

If now a stress S is applied to the system this energy barrier 
becomes modified to E — bS in the direction of the stress, where 
b is a constant, and to E -f- bS in the opposite sense. In these 
circumstances the rate of movement of molecules in the direction 
of the stress will be 


_ £ e -(E-bS)RT 
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and in the opposite direction 

— ke~ (E> ' hS)RT 
Hence, the net rate of flow 

= k e~ L,RT (e bSIKT - e~ bSIRT ) 

= 2 k e~ E,RT sinh 

Now if bS < RT this rate of flow becomes proportional to S as 
sinh bS/RT reduces to bS/RT and the system behaves as a 
Newtonian liquid. However, in the case of stiff plastic materials 
relatively large forces may be applied and bS may become > RT. 
Under such conditions the equation approximates to 

rate of flow = k e~ EjRT e bSIRT 
i.e. log (rate of flow) = constant -f K. S. 

Now it is clear that in many cases where the Nutting equation has 
been applied over a short range of stress the difference between a 
log (rate) — log 5 relation and a log (rate) — S curve will not be 
large, and results complying with one form will at least approxi¬ 
mately agree with the other. In other cases, as in the work of 
Sheppard et al.,' 02 a linearity between log (rate) and S has been 
reported for a deformation described as “plastic” flow but prob¬ 
ably involving highly elastic components, and this treatment may 
be capable of a wider application in the deformation of plastic 
materials. 

On the other hand, Eley and Pepper 103 have found that the 
various stress effects occurring with a soft plasticized cellulose 
derivative could not be brought within the framework of the 
Eyring method and that, above a certain stress S„ the material 
follows the equation originally used by Bingham to describe the 
flow of solid liquid dispersions, namely: 

S> S„ rate of flow = const. (S — S 0 ). 

However, the plastic investigated by Eley and Pepper did not show 
a true yield value and it was possible to observe flow at stresses 
well below the apparent yield stress. These authors conclude that 
a critical attitude must be taken up towards the place-exchange 
theories put forward by Eyring, and that other complicating 
factors will have to be considered. At present there appears to be 
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little published experimental evidence directly related to the 
Eyring equation but it would obviously be a great step forward if 
it could be shown that the effect of stress on viscous flow or 
elastic deformation was capable of being related to a compre¬ 
hensible activation process. 


Deformation of Thermosetting Materials 

The amount and complexity of the experimental evidence 
available describing the deformation of the thermosetting resins is 



Fig. 54.—Deformation and recovery curves for a wood Hour-filled 
phenolic resin. 105 


less than that on thermoplastics, probably because the character¬ 
istic time-dependent deformations occurring with thermoplastics 
are present on a much reduced scale in the thermosetting series at 
normal temperatures. So the behaviour of a phenolic resin is 
better represented by its moduli of ideal Hookean elasticity than 
with the other plastics. For instance, as the result of bending 
tests, Hazen 104 concluded: “the great majority of phenolic plastic 
moulding materials and many other related materials show either 
no appreciable deviation or only relatively slight deviation from 
Hooke’s law for all values of the applied load up to the breaking 
point.” Some of the typical deformation properties of thermo¬ 
setting plastics are illustrated in a paper by Telfair et a/., 105 where 
various simple and complex materials are subjected to small 
deformations (< 0-5 per cent), and the time effects noted. The 
scale of the deformations is probably characteristic of the materials 
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since rupture occurred in some cases, i.e. these materials could not 
easily be stretched further (Fig. 54). Clearly the reversible modulus 
is the dominating factor under these conditions, but noticeable 
time-dependent deformations also occur and may be important in 
certain applications. The authors go on to report that total 
deformations can be represented by a formula of the type 


D — A log t -f - b t C 

A part of the time-depen¬ 
dent deformation is not 
recoverable under the con¬ 
ditions of the experiments, 
but this is not related to 
any particular terms in 
the above relation and 
the existence of a true 
viscous flow is uncertain. 

On the other hand, ex¬ 
periments are made at a 
series of temperatures and 
it is shown that both total 
deformationand the rate of 
deformation are increased 
two to fourfold if the tem¬ 
perature is raised from 
77 to 190° F., but even 
under these conditions the 
extensibility does begin to 
approach that of a rubber. 

If phenolic and other ther¬ 
mosetting materials are 
capable of large deformations these can only occur at temperatures 
well above those at which the plastics are most often used. 

The behaviour of cresol resins has been investigated by de 
Bruyne, 106 who found that they showed very definite departures 
from Hooke’s law though phenolic resins showed more normal 
properties. If the behaviour of a cresol resin is investigated in 
compression the curve slope (Fig. 55) shows that the apparent 
modulus of elasticity at any given stress rises to a maximum and 
then falls as the stress is increased. It is probable that the fall in 
the modulus at high stresses indicates the occurrence of non-ideal 



Fig. 55.—The deformation of a cresol resin in 
compression. 100 
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deformations; indeed de Bruyne showed a delayed elastic com¬ 
ponent recoverable at 110° C. However, the increase in the 
modulus as the stress is raised at low stresses can hardly be 
ascribed to such an effect and the explanation remains obscure; 
it is not known if this somewhat anomalous result is to be observed 
with any other thermosetting resins. 

Deformation measurements on phenolic and other materials 
have also been carried out by Sutton 107 on cylinders 12 mm. 
diameter and 12 mm. long in an investigation of the problem of 
compressive strength. The deformations were mostly small 


Table XXI. The Compressive Strengths of certain Plastics according to 

Various Definitions 


Material 

Change in 
short time 
modulus 

C hange in A 
in term (//A) 

Onset of flow 
( Bt ) 

Nature of failure 

Phenol A 

600 

750 

500 

Sudden collapse 

Casein. 

500 

600 

380 

Slow barrelling 

Bakelite X 20 .. 

800 

1,200 

680 

Collapse 

Diakon (methacrylate) 

500 

540 

340 

Slow barrelling 

Cellulose acetate 

140 

170 

140 

Slow ban el ling 


(< 3 0 per cent) and could be analysed according to an equation 
with three terms, namely: 

D — C+A(\ - c~' lk ) + Bt 

where the time-independent part of the deformation gave a 
constant modulus of elasticity up to fairly high stresses, but 
eventually a stress was reached where this modulus appeared to 
change. Similarly, k was constant at low stresses but rose as the 
stress was increased beyond a certain point, but the constant B, 
which was regarded as measuring the rate of flow (without specific 
proof of irreversibility), depended on the stress above a certain 
yield point, i.e. there was a concave rate of flow-stress curve 
(/? > 1 in the Nutting relation D = S b t k ). In each case, above 
a particular stress, a change in behaviour was observed, and three 
different stresses could be measured to give separate criteria of 
compressive strength (Table XXI). 

Information of this nature is a considerable advance upon any 
results obtained from a few arbitrary tests and holds out the 
hope of predicting safe behaviour in a variety of conditions. The 
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work illustrates how, even in the present stage, deformation theory 
can be of practical value. 


Tests Based on Deformation 

A number of tests commonly applied to plastics and glass are, 
in fact, tests of deformation. Among these come a number of tests 
of hardness, and also certain brittle point determinations in 
which interest generally centres round the capacity of a material 
to sustain a given deformation applied quickly. Tests of deforma- 


Table XXII. Summary of Maximum Permissible Deformation in Certain 

Compressive Tests 


Specification 

Material 

Stress 

Permissible yield 



lb./in . 2 


B.S.S. 903: 1940 

Vulcanized rubber 

Variable 

0-4 mm. out of 12 mm. 

B.S.S. 1137: 1943 

Synthetic resin 

12,000 

3% 


bonded paper 
sheets 



B.S.S. 972: 1941 

Synthetic bonded 

10,000 

4°o 


fabric sheet 



A.S.T.M.:—D703—48T 

Polystyrene 

4,000 

1-5% (50° C) 


tion are not always meant to investigate the moduli of elasticity. 
For instance, in the prescribed method of testing toughened glass 108 
the glass is subjected to a specific degree of bending under which 
it must not break. However, since most of the glass intended to be 
subjected to this treatment is a commercial mix with a reversible 
Hookean Young’s modulus of 700,000 kg./cm., 2 the variable 
quantity that is really being investigated is the bending strength of 
the glass, and the result of the test actually depends on the static 
strength of the glass. 

In brittle point tests, and also in folding tests and tests of 
elongation at break, the material should be able to give a 
deformation of a certain amount before fracture occurs. In these 
cases, other factors being equal, the materials with the lowest 
elastic moduli relaxation times, and limits of extensibility, etc., 
will do best. But in many conditions ability to withstand a stress 
without yielding (giving a deformation) is vital and therefore 
another series of criteria have been established by which the 
material must not be deformed beyond a certain extent under a 
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given stress; these criteria are used for hard rubbers, polystyrene 
and thermosetting resins. Such limits have been incorporated into 
a number of specifications and naturally vary with the material 
being tested; their inclusion appears to be customary in com¬ 
pression tests when fracture is also measured. A summary of the 
contents of certain typical specifications is given in Table XXII. 

Another test of a similar type is a “ plastic yield” test; a cantilever 
of the material is loaded near one end and the deformation is 
measured after subjecting the beam to a particular temperature for 
a specified time. Generally a limit of 5 mm. deformation is allowed 
for a cantilever of effective length 145 mm. However, the precise 
conditions vary from one material to another and for full details 
the specifications should themselves be consulted (B.S.S. 771: 
1938, B.S.S. 903: 1940). A further type of bending test is included 
in B.S.S. 1137: 1943. 

Naturally these measurements only give a bare indication of the 
deformation properties of the material, but in practice their value 
is increased by designing each specification to suit a specific type 
of material. Further, in three of the four specifications in Table 
XXII the plastic material involved is of the thermosetting type 
and in the case of polystyrene the material is of a hard type, and 
this simplifies the information required, but in view of the con¬ 
siderations already mentioned in this chapter it is not surprising 
that the specification of deformation behaviour with the softer 
thermoplastic materials has not yet been very widely undertaken. 
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The fracture of squares of sheet glass at medium velocities. In each case the blow was 
just sufficient to crack the glass. The types of pattern differ from those in static 
bending and low velocity impact, but the same tendency to incieased cracking in 
the stronger samples may be observed. Ref. (16), Chap. III. 
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The falling ball arrangement for determining the impulse transmitted 
through a glass plate. Above, the trace given by (a) a steel and ( b ) an 
ivory ball. Ref. (26), Chap. VI. 
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PLATE XII 



Bullet resisting windows used in tanks Bottom centie an armour piercing bullet 
tails to penetrate the last two layeis of the block (Colmou UUu s/u s Ltd ) 



A shear fracture in compression with leinfoiced cresol resin 
Ref (12), Chap VII 
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Effect of tracer bullets on transparent plastics Ref 02) Chap VI 
(A) Cellulose acetate A2 0 095 in thick three tracer bullets calibre 30 
at 100 yards one tracer bullet calibre 30 at 600 yards 
(£) Vinyl chloride-acetate resin, L3, 0 100 in thick, two tracer bullets 
cahbie 30 at lOOyatds 

(C) Vinyl chloride-acetate resin L3, 0 100 in thick two tracer bullets 
calibre 50 at 100 yards 
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fracture patterns in laminated glass with a cellulose acetate interlayer. As the 
velocity of impact (height of fall) is increased the cracking effects become more 


concentrated round the point of impact. Ref. (2), Chap. VI1. 
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Apparatus for measuring the mechanical propel ties of 
fibre-glass. Ref. (30), C hap. IV. 
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CHAPTER V 


HARDNESS AND RELATED SUBJECTS 


as will have been gathered from the introduction, no generally 
accepted and all-embracing definition of hardness exists. This 
chapter endeavours to deal with the general subject of hardness 
and related topics which are defined as the capacity of a surface of 
the material in question to remain unaltered in shape when subject 
to relatively concentrated mechanical forces which do not break 
the specimen as a whole. There are difficulties which must be taken 
into account in measuring or comparing the hardness of different 
solids, and under a concentrated force at least two separate groups 
of phenomena may occur. 

Fracture Hardness .—The surface may be broken because the 
stresses set up exceed the breaking stresses of the material under 
the conditions of the test. If the point of loading moves this point 
of rupture may become a scratch. 

Deformation Hardness .—The surface may merely be deformed 
by the forces operating. The deformations can be of any or all 
of the following types: (a) Irreversible; ( b ) Potentially reversible; 
(c) Reversible immediately or in the time allowed in the test. 

Many measurements of hardness fall readily within one ol these 
two groups, and then the precise relation of hardness to other 
mechanical properties must be worked out to allow for fracture 
if it is a significant item in the hardness measurement. However, 
sometimes, such as in the scratch hardness of plastics, it is not 
very easy to decide what part, if any, is played by the fracture 
of the surface. Further, in many cases, like transparent sheeting 
for aircraft, it is unimportant for practical purposes whether 
microscopic fracture or simple deformation takes place, but it is 
important to know if the surface is affected in its optical properties. 
Hence the practical value of methods based on the scattering of 
light from scratches and indentations which do not raise further 
questions, but any theoretical treatment must surely begin by 
raising just such questions. 

A number of definitions of hardness have been used for metals, 
and these have been discussed by O’Neill, 1 who says that recover- 
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able elastic deformations should be included when hardness 
measurements are based on an indentation technique. But a 
definition given by Hertz 2 treats hardness as essentially related 
to the irreversible phenomena occurring when the “yield point” 
of the material is exceeded in any part of the stress system. It is 
not intended to attempt further limitation of the term hardness 
here, but rather to deal with a number of measurements falling 
within its scope as defined at the beginning of this section. 


Forces Surrounding a Spherical Body in Contact with a Plane 
Surface 

The theory put forward by Hertz 3 and Fuchs 4 to describe the 
forces surrounding two spherical bodies in contact is fundamental 
to the whole problem of hardness. For the theoretical treatment 
and derivation of the fundamental relations the reader is referred 
to Timoshenko. 5 and Love, 6 and we shall simply detail here the 
relations applying in the special case when one of the spheres 
concerned is of infinite radius, i.e. a plane surface, and the other 
of radius r. 

The suffixes to E and a in the formula refer to the elastic 
properties of the two materials involved. 

If the sphere is subject to a normal load P its centre will 
approach the plane by a distance x, and it will be in contact with 
the plane in a circle of radius a where these quantities are deter¬ 
mined by the following relations: 


°=- ^ll Pr 


(1 — (1 — aj) 

L ~eT + ' 


•sr 

2 


.V 


<7o 


3 1 9 P 2 
~ ’16 ~r 
3P_ 

2 7rfl 2 


d - eft ( i - air 
E t + E z . 


where q 0 is the maximum pressure at the centre of the circle of 
contact. 

A general picture of the distribution of these forces is given in 
Fig. 56, 6 where the principal lines of force are shown. 

The maximum shearing stress is below the centre of the circle 
of contact and is equal to 0-31 q 0 (when a~0-3), and the 
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maximum tensile stress is at the edge of the circle of contact and 
is given by 

^ (1-2 <r) 

The maximum tensile stress —--— q, 

In the case of a glass with a — 0-25 this maximum tensile stress 
= 1/6 q 0 . Here the value of a applies to the material in which 
the stress is being estimated. 


Application of the Hertzian Equations to Glass 

In order to test the validity of the above relations, Auerbach 7 



Fig. 56.—The principal lines of force in a sphere in contact with a plane. 6 

made a series of experiments on the contact of spherical glass 
lenses with a plane surface. In these investigations he attempted 
to relate both deformation and fracture properties with the 
Hertzian theory. In the deformation experiments he pressed a 
lens of known curvature against a polished surface of the same 
glass and measured the diameter of the circle of contact by 
microscopic examination. The results with a particular lens gave 
a constant value P/a 3 , and with different lenses of the same glass 
P/a 3 was also constant within the experimental error for lenses 
of different radii. From these figures Auerbach concluded that 
the equations of Hertz were obeyed and went on to determine 
the quantity E/( 1 - a 2 ). From it he was able to list values of o 
for different glasses using the known values of the Young’s 
modulus. However, his results did not agree with those of Straubel, 
though this is not altogether surprising since a small error in 
(1 — cr 2 ) will inevitably lead to larger errors in a. These were 
estimated by Auerbach as of the order of ^ 7 per cent; presumably 
this estimate is too low. 

Auerbach went on to make experiments on the breaking of 
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glass under these conditions by increasing the pressure until a 
ring crack or Hertzian cone fracture (Plate V) was formed round 
the circle of contact. On the average he found that these cracks 
were 19 per cent larger than the circle of contact. Using the same 
type of glass with different lens radii, he investigated the relation 
between the force P' required to produce the ring fracture and 
the lens radius. As a result he found that the quantity P'/r remained 
approximately constant for the different values of r and was 
characteristic of the glass used. 

Now if in these experiments glass were breaking under a 
uniform tensile stress, then q 0 should be constant, i.e.^ P'jr 2 
should be a constant. Obviously this is not the case. We now 
know that this “anomaly” is a consequence of the size factors 
involved in the tensile strength of glass. However, Auerbach 
proceeded to examine the question of hardness in relation to the 
possible constant quantities which did conform with his experi¬ 
ments for particular glasses, and reached the conclusion that the 
hardness of a glass was best measured by the particular constant 
quantity which has since been called the Auerbach hardness, 

where : Auerbach hardness = q 0 ^/r = H 

He considered this quantity was best suited to represent the 
hardness of glass, but was able to establish only a very rough 
relationship between it and the results of scratching experiments. 

This work represented a very complete attempt to evaluate the 
fracture hardness of a material in terms of theoretically under¬ 
stood properties, though the constants obtained did not correspond 
with what was then expected as a consequence of the Hertz 
equations. Subsequently, therefore, the general subject of ring 
cracks was widely discussed. For instance, Raman 8 showed that 
they could be formed dynamically by allowing a polished steel 
ball to fall on a thick glass plate. The question has been discussed 
theoretically by Preston, 9 who concluded, firstly, in general agree¬ 
ment with Auerbach, that the cracks developed from a point 
where the glass surface was subject to tension only and therefore 
did not justify the view that glass could be broken under other 
types of stress, and secondly, that the apparent failure of the 
Hertz relations was due to the glass breaking from nuclei or weak 
points and the consequent dependence of strength on the scale 
of the experiment. According to this view the whole phenomenon 
is simply a particular aspect of the area-strength relation 
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(Chap. Ill), and the constancy of P'/r discovered by Auerbach is 
a casual outcome of the particular form of flaw distribution 
operative under his conditions. 

Thus in the light of present knowledge Auerbach’s experiments 
should be regarded as demonstrating the increase in the tensile 
stresses required to rupture glass which takes place as the scale 


Table XXIII. The Micro Strength of Glass as a Function of Ball Diameter 
and Surface Treatment 


Ball diam¬ 
eter D 

Sample 

Surface 

Average 

load 

Cone d 

Maximum 

stress 

Maximum 

stress 

in. 



lb 

average in 

lb./in . 2 

kg /cm 2 

0 020 

i in. F 

Unetched 

18-2 

0 0066 

235,000 

16,500 

0 031 

i in. F 

Unetched 

30-8 

0 0082 

209,000 

14,700 

0 031 

i in. F 

Etched 

30-7 

0 0083 

208,000 

14,600 

0 039 

i in. F 

Unetched 

36-4 

0*0101 

188,000 

13,300 

0 039 

i in. F 

Etched 

62 1 

0*0109 

223,000 

15,700 

0 063 

i in. F 

Unetched 

36-2 

0*0123 

138,000 

9,700 

0 063 

i in. F 

Etched 

58-4 

0*0127 

163,000 

11,500 

0125 

5/16 in. P 

Etched 

54-5 

0*0190 

100,000 

7,000 

0-250 

5/16 in. P 

Etched 

76-5 

0*0260 

71,000 

5,000 

0-500 

1 in. P 

Unetched 

1130 

0*0330 

53,000 

3,730 

1 00 

1 in. P 

Unetched 

226*0 

0*0520 

40,000 

2,820 

1-25 

1 in. P 

Unetched 

377*0 

0*0712 

41,000 

2,890 


Here F stands for Fourcault and P for plate glass. 


of the experiment is reduced. These phenomena have recently 
been further investigated by Preston, 10 who estimated the maxi¬ 
mum tensile stress, according to the Hertzian formula, which was 
required to fracture glass in contact with loaded balls of differing 
diameter. His results (Table XXllI) show that with small balls 
fracture strengths comparable to glass fibres are obtained. While 
Preston’s results generally agree with Auerbach concerning the 
high fracture stresses observed, they would not fit Auerbach’s 
formula accurately. 

From all this work it is to be expected that as the scale of the 
experiment is reduced, beyond the existing limits obtained with 
0-020 in. balls, very high fracture stresses will be required, a 
property which accounts for the characteristic permanence of a 
glass surface and, in particular, its relative capacity to resist 
damage by sharp points which injure other materials. In the case 
of toughened glass the above considerations allow of a further 
development when taken together with the theory of that material 
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(Chap. III). There it was suggested that the strength of toughened 
glass was due to a surface compression which had to be overcome 
before the glass could be broken in tension. Further, the measured 
figures suggest (Table X) that this surface stress is commonly of 
the order of 1,000 to 2,000 kg./cm. 2 Now although this involves a 
tremendous increase in the ordinary bending strength of glass, it 
represents, on the basis given, only a relatively slight improve¬ 
ment in relation to the stresses occurring under highly concen¬ 
trated loads. Hence the resistance of toughened glass to scratching 


Table XXIV. Width of Scratch Produced by Conically 
Ground and Poiished Diamond under Constant Loading 
Conditions on Ordinary Pi ate and Toughened Plate Glass 


Sample No. 

Width of scratch in cm x 10-4 

Near centre of 
sheet 

Near edge of 
sheet 

Toughened A1 (a) 

8-8 

60 

Toughened B1 (a) 

7-8 

6-5 

Ordinary plate (a) 

8-8 

8*8 

Ordinary plate ( b) 

8-6 

8*6 


The diminution in scratch thickness near the edge with toughened 
glass is noted by Holland and Turner as a characteristic property. 


and similar treatment should not show a great improvement on 
untoughened material of similar composition. This conclusion is 
supported by the well-known fact that toughened glass is readily 
shattered by tapping it with a centre punch, i.e. subjecting it to a 
concentrated load. Further, the experiments carried out by 
Holland and Turner on the scratch resistance of toughened glass 
and plate glass," in which a number of different scratching agents 
were used, indicate that the differences in behaviour between the 
two materials are not large. Some results taken from one of their 
groups of experiments are presented in Table XXIV. 

The investigations of ring cracks in relation to hardness has been 
further pursued by Bailey 12 (Plate VI). He set up an apparatus 
whereby a 1-in. ball could be rolled over the glass under an 
increasing load, and took the value of the load in lb., correspond¬ 
ing to the point where fracture began, as a measure of hardness. 
His ball'tracks gave very variable results with fire-finished surfaces 
and seemed to indicate the existence of soft areas in the glass. 
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The results obtained yielded high values for fire-polished Four- 
cault sheet (25 to 28) and a microscopic slide (29 to 34), a medium 
value for polished plate (21 to 23), and low values for borosilicate 
(16 to 20) and fused silica (10-5 to 16-8). These differ from the 
results of Auerbach, who obtained a high value for quartz. How¬ 
ever, the compositions of the glasses giving Auerbach’s low 
hardness values differed largely from those on which the more 
recent experiments have been carried out, and the differences may 
therefore be more apparent than real. Bailey’s results differed also 
from those of other workers. To explain the difference between 
his results and those given in grinding tests Bailey suggests that 
with quartz and borosilicate (pyrex) glasses a scratch is more 
easily formed but does not spread subsequently as in the con¬ 
ventional window glass, so the energy required to grind the glass 
away remains large. A further point mentioned by Bailey is that 
in scratching tests high temperatures may occur locally, as shown 
by sparks, and such conditions will favour high melting-point 
glasses like silica and pyrex. Finally, Bailey concluded that since 
small fractures easily deteriorate under weathering, and are in any 
case surrounded by wider regions of strain, it is the formation of 
the initial surface fracture which is the most vital service property 
affecting the hardness of glass. 


Measurements Applicable to Plastics and Glass 

The above methods are applicable to glass but not to most 
plastic materials. For instance, under a concentrated load applied 
by a hard ball plastics are seldom broken at the point of loading 
and generally suffer deformation alone. Thus the application of 
such loads leads to measurements of the deformation, which may 
be in practice, but are certainly not in theory, comparable with 
the result obtained with glass. Nevertheless, for many purposes 
it is important to be able to compare the scratch resistance of 
plastic materials with other plastics and with glass, and in par¬ 
ticular to measure the optical properties before and after a specified 
treatment. To deal with this problem two types of test have been 
used, namely, the mar-resistance test, in which an abrasive is 
allowed to fall on the surface of the material, and the scratch test, 
where a sharp implement is caused to move across the surface 
under specified conditions. The first is more suitable for com¬ 
paring plastic and glass, since the same abrasive can be used for 
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each material and there is not the difficulty of defining the edge 
of a scratch that there is with most glasses. Each of these tests 
avoids raising the question of the distinction between fracture and 
deformation. It is possible that this confusion is essential in any 
method which aims at comparing the behaviour of glass and 
plastics directly. 

Abrasion Hardness of Plastics and Glass 

An abrasion test capable of use with both plastics and glass 
has been described by Starkie, 13 who used it to compare the 


Table XXV. Abrasion Resisiance of Pi astics and Glass 


Material 

Abrasion resistance 
No 

Polystyrene. 

12-1 

“Perspex” (methacrylate) transparent resin sheet 

17*6 

Cellulose acetate 

20-6 

Celluloid film base 

21 *8 

Unplasticized “Perspex” (methacrylate) 

30 

Cdass microscopic slide. 

111*3 

Common sheet glass 

115 5 

Polished plate glass . 

131-3 

Pvrex class.1 

183*2 


scratch resistance of cellulose plastics, perspex (methacrylate) 
sheet and glass. He considered that this type of test was superior 
to a scratch test for making reproducible and comparable measure¬ 
ments with varied materials. 

In this method (Fig. 57) the specimen is placed on a hinged 
support so that in one position it could be subjected to a stream 
of falling carborundum particles, and in the other position it is 
illuminated by a parallel beam of light. Directly opposite the test 
piece in the latter position a calibrated photo-electric cell is placed 
with an opaque disc in the centre so that only light scattered by 
the abraded material is recorded. After abrading the specimen 
under standard conditions and replacing it in the position for 
measurement, an increase d in the galvanometer reading is 
observed and the scratch resistance is measured by the arbitrary 
quantity 1,000 Id. The standard conditions for abrasion allow 
40 gm. of a carborundum, which would just pass through a 
60-mesh' sieve, to fall down the 2-ft. tube on to the specimen 
inclined at 30° to the vertical, so that the particles bounce away 
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and do not fall a second time on to the point of abrasion. Results 
obtained in this way are given in Table XXV. 

The occurrence of markedly higher values for the scratch 



Fig. 57.—An apparatus for measuring the abrasion or mar-resistance 
of plastics or glass. 13 


resistance of glass compared with those of the plastics is only to 
be expected, but the differences within each group are interesting. 
The glass results may be compared with those from a somewhat 
similar method used by Milligan, 14 in which the number of blasts 
from a sand blast nozzle required to give a standard penetration 
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of the glass was measured. Here also, pyrex was found to give 
higher results than other types of glass except silica, which required 
3-5 to 3-8 times the number of blasts for a standard plate glass. 
Other somewhat similar experiments, in which glass rods were 
ground against a steel plate with powdered quartz abrasive, have 
been described by Scholes. 15 He also found that silica glass was 
the most resistant to abrasion and concluded that this was due 
to the silica. Boric oxide was much less effective than silica in 
supplying hardness, but when boric oxide replaced lime the glass 
became less abradable. The substitution of lime for soda in a 
sodium silicate had little effect. In general Scholes agreed with 
Milligan in finding that most common commercial glasses were 
about three times as abradable as pure silica, and with Starkie in 
finding that pyrex glass was appreciably harder than other com¬ 
mercial types, which Scholes attributed to its high silica and low 
alkali content. 

The methods of Starkie were largely reproduced in the simul¬ 
taneous work of Boor 16 in the U.S.A., who worked on plastic 
materials and also rejected the scratch type of test, giving as his 
reasons lack of accuracy and disagreement with service experience. 
The method used, which is generally similar to that of A.S.T.M. 
D 673—42 T, 17 has several similarities to Starkie’s apparatus, such 
as a fall for the abrasive of 25 in. (24 in.) and the setting of the 
specimen at 45° (30°) to the vertical. The results are construed 
in terms of the percentage of the original gloss remaining after 
abrasion, i.e. the reduction in reflection rather than the increase in 
scattering.* Boor found that slightly different results are obtained 
according to whether a method of averaging a number of results 
using large and small quantities of abrasive, or a single measure¬ 
ment with a small quantity, was used. Results from different 
laboratories employing the same specification were not in com¬ 
plete agreement where small differences between different materials 
were concerned, but all agreed in putting the urea melamine 
laminate first, cellulose acetate second, and polystyrene last in 
order of scratch resistance among the materials tested. On the 
other hand, the results showed little correlation with those obtained 
from the Bierbaum scratch apparatus. Boor used the term “mar- 
resistance” to describe the property which he was seeking to 
measure, and distinguished between this and other properties 
covered by the term hardness, such as resistance to compression 

* This allows of application to opaque materials. 
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and indentation. Some of his results are summarized in Table 
XXVI; but the two columns given here do not include the experi¬ 
ments with window glass, which was found to be more resistant 
to abrasion than any of the plastic materials, though the advantage 
over the urea melanine laminate was relatively small according 
to this method of measurement. The difference in the relative 
values given to methacrylate and cellulose acetate by Starkie and 
Boor could be due to differences, such as a difference in plasticiza¬ 
tion, in the materials tested. 


Tablf XXVI. The "Mar-resisianct" oe Plastics 
(Aftei Boor) 


Material 

Average of 
abrasion 
experiments 

Rating 

Bierbaum 

micro-LharaUei 

Rating 

Urea-melanine laminate 

76*9 

1 

30-9 

2 

Cellulose acetate 

69-2 

2 

12-2 

6 

Vinylite 

60-1 

3 

12 2 

7 

Urea-thio-urea laminate 

59-4 

4 

21 4 

3 

Methacrylate. 

570 

5 

21 -4 

4 

Phenol formaldehyde laminate 

52-8 

6 

47-6 

1 

Polystyrene . 

32-7 

7 

15 8 

5 


Scratch Hardness of Plastics and Glass 

Although the experiments of Starkie and Boor have the advan¬ 
tage of giving readily comparable results for numerous types of 
plastics and for glass, and appear to overcome a difficulty men¬ 
tioned by Kline and Axilrod 18 in that the use of a sieved abrasive 
overcomes a polishing tendency caused by the finer fragments, 
there is at present no full agreement on the advantages of the 
abrasion method with plastics. Numbers of results for scratch 
hardness have been submitted in which the impression of a 
moving diamond tool on a plastic surface is measured and a high 
degree of accuracy claimed. For such a purpose a number of 
types of sclerometer are already available in metallurgy, and their 
various applications have been discussed by O’Neill. 1 For plastics, 
Kline and Axilrod 18 used the Bierbaum “micro-character” scratch 
resistance apparatus (Plate VII); the plastic specimen is attached 
to a screw arrangement so that the diamond point can be steadily 
moved over the surface, leaving a mark whose width is con¬ 
veniently measured with a microscope. The diamond used has 
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the form of the corner of a cube and is held down by a 3-gm. 
weight. The scratch hardness is then given by the load in kg. 
divided by the square of the scratch width in mm., and is shown 
to be largely independent of the thickness of the sheet used. Some 
of these results are given in Table XXVII, where they are com¬ 
pared with a Vickers indentation hardness test. 


Table XXVII. Scratch Resistance and Indentation Hardness of 
Various Plastics 


Material 

Thickness 

Scratch No 

Vickers hardness 


mil 

kg./cm 2 

kg./cm 2 

Cellulose acetate 1 

63 

8-2 

7-9 

1 

62 

8-2 

6-8 

2 

56 

7-4 

5-6 

2 

95 

7-3 

5*5 

2 

125 

7-5 

5-2 

3 

64 

9-9 

6*9 

3 

95 

11 -9 

7*7 

3 

133 

10-1 

7*1 

4 

162 

5*3 

70 

Cellulose nitrate 1 

67 

9-9 

11*6 

2 

64 

100 

10*5 

Ethyl cellulose I 

57 

5-5 

5-6 

2 

29 

6*3 

6-7 

Acrylate resin 1 

116 

150 

13 6 

2 

66 

150 

15 4 

Vinyl resin 1 

56 

10-2 

15 3 

Styrene 1 .. . 

79 

10 5 

19 8 


These figures are of interest because they confirm Starkie’s 
view that the acrylate sheets give better results than cellulose 
acetate, but here the styrene is given a comparatively high rating. 
However, in comparing results of this nature it must be remem¬ 
bered that names like “cellulose acetate sheet” can cover a range 
of materials with very different properties. In three cases the 
figures appear to be close to those given by an indentation hard¬ 
ness deformation test, but with styrene and the vinyl resin the 
scratch figures are relatively lower than those from deformation 
experiments. The marks given by the two types of instrument are 
illustrated in Plate VIII(a). 

The value of the scratch method is contested by Starkie, who 
put forward evidence that the results depend on the velocity of 
scratching; he also considered they were excessively erratic and 
insensitive with light loads. Nevertheless, he investigaletL the 
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scratch method, and in particular the dependence of scratch width 
on load, and showed that the relation, scratch width — Vload, was 
linear for loads of 25 to 625 gm., but that with heavier loads 
somewhat wider marks were obtained than the theory would 

predict. Curves showing the 
effect of load and scratch velocity 
are also given by Perkuhn 19 (Figs. 
58 and 59). For measurements of 
scratch hardness Perkuhn used 
an electric motor to give a 
standardvelocityofO-3 mm./sec., 
and estimated the hardness by 
the relation 



8 P 


(-) 


O' 2 Q'4 


H = b 2 s,n 2 

where P is load, b is width of 
scratch, and (H) the included angle 
of the diamond tool. However, 
the figures obtained for H are not 
independent of load by this 
method but become approxi¬ 
mately so for loads of 30 to 
100 gm. (Fig. 60). It is claimed 


O- 6 0'8 VO 

Scratch speed, mm /sec. 

Fig. 58.—The relation between the that individual measurements are 

width of a scratch and the rate of reproducible to within 4- 1 per 
scratching. 19 cent 

Reilit 615H is cellulose triacetate n* i • w i 

and Plexiglas M.33 is polymethyl Hls values a S ain S lve relatively 
methacrylate. high ratings for the acrylate 

(Plexiglass)plastics and also show 
an interesting correlation between scratch hardness and tensile 
strength for similar materials at different temperatures (Table 
XXVIII). 

In the present circumstances it is not easy to correlate the 
results obtained by different workers using different methods, 
owing to the uncertainty of the material used and the actual 
effects obtained. Clearly, both scratch and abrasion methods have 
a common characteristic in that ideal Hookean deformations 
are not directly measured, i.e. they do not include the deforma¬ 
tion while under load, as recommended by O’Neill for metals. 
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Table XXVHI. Scratch Hardness in Relation to Tensile Strength and 

Temperature 


Material 

Tem¬ 

perature 

Scratch 

width 

Scratch* 

hardness 

Tensile 

strength 

Tensile strength 
Hardness 

Tensile strength 
Hardness 
(mean value) 


°C. 


kg./cm. 2 

kg./cm 2 t 




Plexiglass M222 

4 

14*6 

10-300 

900 

0-087 ] 




20 

15*2 

9-559 

820 

0-086 




40 

17-1 

7-550 

660 

0-087 



Plexiglass Ml32 

4 

15-8 

8-830 

760 

0 086 




20 

170 

7-630 

675 

0-087 

> 

0-087 


40 

190 

6-100 

540 

0-088 



Plexiglass M33 

4 

15*4 

9-300 

800 

0-086 




20 

16 4 

8-210 

720 

0-087 




40 

18-6 

6-370 

560 

0-088 J 



Reilit 

4 

19-7 

5-670 

650 

0-114 ] 

1 ; 



20 

20-6 

5-200 

595 

0-111 1 


0-113 


40 

220 

4-550 

520 

0-114 j 

1 j 


Astralon 

4 

21-5 

4-770 

760 

0-159 ) 

| 


(polyvinyl 

20 

22-8 

4-250 

660 

0155 

r 

0-157 

chloride) 

40 

27-6 

2-890 

460 

0-159 i 

i 



* A 10-gm. load was used in this case, 
t Determined for loading rate of 300 kg /cm. 2 /min. 



Fig. 59.—The relation between the scratch width and the load 
on the scratching tool. ,v 


However, in this they are justified by their specific purpose and the 
simulation of the conditions of use. 

Scratch hardness in glass has been investigated by Gehlhoff 
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and Thomas 20 as a function of composition, using their usual 
method of replacing Si0 2 separately by various basic oxides. 
Mostly, their results show that addition of up to 10 per cent of the 
basic oxide causes an increase in scratch hardness, but that sub¬ 
sequent additions cause a decrease (K 2 0, Na 2 0, B 2 0 3 ), cause a 
further increase (MgO, CaO, ZnO, BaO, A1 2 0 3 ), or have little 
effect (Fe 2 0 3 , PbO). The conditions of testing used were such 
that a cubic diamond was subjected to a load of 20 gm. and the 
width of the scratched measured. This was always found to be 
between the extreme values of 0-0039 to 0-0091 mm., i.e. the 
total differences with different glasses were not large. Using the 



Fig. 60.—The relation between the scratch hardness as determined by Perkuhn and 

the' load. ly 

formula quoted by Perkuhn, this yields hardness figures of 
740,000 to 135,000 kg./cm., 2 i.e. this method of measurement 
gives a far larger difference between plastics and glass than the 
abrasion experiments. Their results also apparently differ from 
those of Milligan 14 and Starkie, 13 but rather agree with those of 
Bailey 12 in that the results for silica are not exceptionally high 
compared with glasses containing basic oxides, but, again, pre¬ 
cisely the same materials may not. have been investigated in each 
case. The apparent contradictions obtained in these tests illustrate 
the complexity of the hardness problem even in approximately 
similar circumstances. At present it is not easy to say how far 
these differences lie in the methods used and how far in the 
materials tested, and, accordingly, it appears inevitable that for 
some time to come the capacity of a surface to resist visual damage 
will have to be measured by methods based solely on the direct 
simulation of service conditions. 
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Measurements of the Indentation Hardness of Plasties 

In this type of hardness measurement a concentrated load is 
applied to the plastic and the impression or penetration so pro¬ 
duced is recorded. A variety of procedures have been used, of 
which four typical cases are very briefly described below. 

Brinell Hardness. —A hardened steel ball, about 2-5mm. in 
diameter, is pressed into the smooth surface of a plastic material 
under a pressure of 25 kg. for about 30 sec. The size of the inden¬ 
tation is measured by a microscope, and the hardness number is 
obtained by dividing the spherical area into the pressure applied. 
A temperature of 68° F. has been recommended for test purposes. 21 

Rockwell Hardness. —A J-in diameter ball penetrator is placed 
under a minor load of 10 kg. and then a major load of 100 kg. 
applied in 6 to 8 sec. and removed in 1 sec. A penetration indicator 
shows the amount of deformation which has taken place, and the 
reading on an arbitrary inverse scale is based on the difference 
between the penetration under the minor load before and after 
the major load has been applied. The test is very convenient and 
a number of variations are possible; the one described is the 
Rockwell M scale. 22 

Vickers Pyramid Test. —This has been described by Kline and 
Axilrod, 18 who used a Vickers testing machine. A square pyramid 
having an angle of 136° between opposite faces is pressed for 
10 sec. into the specimen. The length of the diagonal impressions 
(Plate VIII) are then measured microscopically and the Vickers 
number is the quotient of the applied load to the pyramidal area. 
Kline and Axilrod used a standard humidity of 65 per cent. In his 
review of penetration methods Starkie 13 preferred the pyramidal 
to the Brinell method owing to the more clearly defined impression 
produced. 

B.S.S. 903: 1940.—This method is prescribed for determining 
the hardness of vulcanized rubbers. The test piece may vary from 
0-3 to 1-2 cm., but comparable measurements must be made on 
test pieces of approximately similar thickness. These are placed 
on a smooth surface and the test must be carried out beyond a 
minimum distance from the edge. The plunger terminates in a 
rigid ball of 3/32 in. (2-38 mm.) diameter which is first pressed 
on to the rubber under a load of 30 gm. for 30 sec. An additional 
load of 535 gm. is then applied and maintained for 30 sec., when 
the position of the plunger is read again, the hardness being given 

K 
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by the movement of the plunger in lOOths mm. between the two 
readings. During the loading periods the apparatus is gently 
vibrated (by a buzzer to overcome friction). A temperature of 
21 ± 3° C. is recommended. 

All these methods have in common the property of measuring 
the deformation of plastic materials under concentrated loads; in 
some cases the surface may be broken, but this is not a criterion 
of measurement. However, the first three methods differ from the 
last in that they do not measure deformation while the major load 
is being applied. No doubt measurement under stress was found 
to be necessary for rubbers, but the same information might also 
prove to be of value with plastics. It is obvious that if we accept 
the geometrical conditions of the tests we are measuring distinct 
groups of properties in the two cases. 

(1) The non-recoverable deformation under the conditions of 

test, i.e. D inc 4 some fraction of D Hh 

(2) Total deformation, i.e. D ol + D nr f D USI 

The fact that elastic deformations are involved in the Brinell 
test is confirmed by Starkie, 13 who found that different results 
were obtained if the penetration was measured during and after 
the application of the load. The distinction between these two 
procedures may be summarized as follows: in one we are measuring 
the resistance presented by the material to all types of deforma¬ 
tion, and in the other we are investigating the tendency to suffer 
permanent visible deformation under a particular type of rough 
usage. 

A great number of results obtained by the Brinell and Rockwell 
indentation tests have been recorded, and they are frequently 
published in the form of a wide range obtainable with a particular 
type of plastic. As an example. Tabic XXIX is taken from a 
monograph by Delmonte. 21 The ranges of properties shown are 
small enough to illustrate the rough correlation between elasticity 
and indentation hardness. However, the correlation is necessarily 
approximate and not a theoretical requisite, since the modulus of 
elasticity measurement is generally concerned more with the ideal 
elasticity, and the indentation almost entirely with non-ideal 
deformations. In view of the very complicated and varied deforma¬ 
tion behaviour of plastic materials, no attempt is made in this 
discussion to establish a definite quantitative relation between 
indentation hardness and the stresses under which deformation 
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occurs. However, for certain metals, steel in particular, an empirical 
relationship has been found according to which the ratio 

Ultimate tensile strength 

- s_ _ o-22 

Brinell hardness number 

Vivian 23 showed that the relation could be explained by taking 
into account the load deformation properties of the steel, the 
lateral and normal stresses beneath the area of contact, and the 
depth below the ball where appreciable plastic flow took place. 


Table XXIX. Approximate Hardness and Elastic Modulus of some Plastic 

Materials 


Plastic 

Description 

Modulus of 
elasticity 

(lb./in. 2 - 105) 

Brinell 

hardness 

Phenol formaldehyde .. 

Cast resin 

5-15 

30-45 

(Moulded). 

Wood flour 

9-15 

30-45 

(Moulded). 

Fabric filled 

7-12 

30-45 

(Moulded). 

Cotton 

10-15 

30-45 

(Moulded). 

Mineral filler 

15-50 

38-42 

(Laminated) 

Paper base 

5-20 

35-40 

(Laminated) 

Fabric base 

5-15 

30-45 

Urea formaldehyde 

(Moulded) 

a-cellulose 

7-16 

48-54 

Polystyrene (moulded) 


4-6 

20-30 

Polymethyl-methacrylatc (moulded) .. 


5-8 

20-30 

Polyvinyl chloride-acetate (moulded).. 


3-8 

15-25 

Cellulose acetate (sheets and moulded) 


2-4 

10-20 

Cellulose nitrate (sheet) 


2-4 

10-20 

Casein plastics .. 


5 

20 


500 kg., 10 mm. ball. 2-5 mm. ball, 25 kg. load. (Data: Modern Plastics , 194K 
Cat.) 


Effect of Molecular Weight on the Indentation Hardness of some 
Plastic Materials 

Table II shows the effect of changing molecular weight on 
many mechanical properties, and here it is clear that with a vinyl 
chloride-acetate copolymer elasticity is the property least affected. 
It is, therefore, not surprising to find that Carswell, Hayes and 
Nason 24 have found that the indentation hardness of polystyrene 
is not markedly dependent on molecular weight either (Fig. 61). 
If true viscous flow, dependent on the movement of whole 
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molecules, is taking place under these concentrated loads, then a 
high molecular weight should have a definite effect in increasing 
the hardness number, whereas if the deformation is of the highly 



Fig. 61. —The indentation hardness of 
polystyrenes of different molecular 
weight. 24 


elastic type depending on the 
rotation of linkages this effect 
is likely to be smaller. The effect 
of these measurements is, there¬ 
fore, to emphasize the small 
part played by viscous flow at 
ordinary temperatures. 

The Time Factor 
The further distinction be¬ 
tween hardness measured im- 



Fig. 62. —The penetration hardness 
of plasticized polyvinyl chloride 
measured immediately after the 
application of the load (1 a) and 
after 10 sec. (1£). 25 


mediately after a load is applied and after a lapse of 10 sec. has been 
investigated by Saechtling 25 for polyvinyl chloride containing a 
number of different plasticizers. The results give two curves on 
which all the plasticizers are said to fall (Fig. 62), and Saechtling 
prefers the 10-sec. curve (16) because the pointer does not move 
appreciably after this lapse of time. This paper does not discuss 
the relative permanence of the impressions produced in the 
different materials, but notes that the results of hardness experi¬ 
ments based on rebound after impact shows a minimum at a 
certain plasticizer concentration, i.e. it is greater for both harder 
and softer (more easily deformed) materials. This corresponds 
with the work of Church and Daynes (p. 108), who found a 
minimum in the recovery of rubber as the temperature rose, 
i.e. as the rubber became “softer.” It would therefore appear that 
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the value of rebound tests as a measure of hardness is questionable 
for most purposes. 

The results of different indentation methods and their relation 
to a Shore scleroscope (rebound) test have been given by Kline 
and Axilrod 26 (Table XXX). 


Table XXX. Hardness of Transparent Plastics as Measured by Various 

Instruments 


Material 

Sample 

Thickness 

Shore 

scleroscope 

number* 

Vickers 

number^ 

Rockwell 
number^ 
(15-T scale) 

Brinell 
number § 
(30 sec.) 

Cellulose acetate 

A1 

mil. 

62 

57 

8-7 

15*1 

13*0 


B1 

60 

58 

11*0 

16*2 

13*1 


B2 

90 

61 

8-4 

160 

13*9 


Cl 

60 

53 

70 

9.9 

115 


C3 

125 

54 

6-2 

11*2 

10*9 

Cellulose nitrate 

El 

60 

63 

12*7 

29*7 

16*6 


FI 

62 

60 

11*7 

23*2 

15*8 

Ethyl cellulose 

Cl 

60 

50 

6-3 

7*7 

10*6 

Acrylate resin 

J1 

70 

73 

18 4 

39*5 

17*5 


J2 

65 

84 

240 

81 -6 

27*4 


K 1 

120 

75 

150 

31*5 

16*0 

Vinyl chloride-acetate 
resin 

LI 

50 

62 

16 2 

32-7 

16*4 

Vinyl acetal resin 

Ml 

63 

45 

30 

Too soft to 

Too soft to 

Styrene resin 

Ri 

80 

65 

200 

measure 

650 

measure 

20*0 

Phenol - formaldehyde 
resin 

U 1 

125 

80 

12-6 

15*5 

15-8 

Plate glass 

XI 

85 

121 

— 

— 

— 

Mild steel 

— 

1,000 

25 

159|| 

— 

1591| 


* Rebound, measured on an arbitrary scale of 140, of a hammer with a diamond 
striking point falling freely from a height of approximately 4 in.; model D 
instrument. 

t 5 kg. load applied on a diamond pyramid for 7 sec. 

X 15 kg. load applied on a ball 1/16 in. diameter for 30 sec.; Rockwell superficial 
hardness tester. 

§ 15 kg. load applied on a ball 1/16 in. diameter for 30 sec. (usual Brinell time). 

II 50 kg. load. 

If 3,000 kg. load on a ball of 10 mm. diameter. 


In view of the fact that the rebound method gives a higher 
value of the hardness for plastics than for mild steel! Axilrod and 
Kline question the value of this method, but they find satisfactory 
agreement between the Vickers, Rockwell and Brinell tests, all of 
which seek to measure similar deformation properties. Separate 
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experiments showed that with plastics both the Brinell and the 
Vickers tests were dependent on the duration of loading, par¬ 
ticularly with the harder materials. A series of results obtained 
from the Vickers test (Table XXXI) illustrate the part played by 
the relatively long relaxation times in hardness tests. 

Table XXXI. Variation of Vickers Hardness Number with Time of Loading 26 


.Vickers number 


Material 

Sample 

S kg. load 
applied for 

10 sec. 

5 kg. load 
applied for 

30 sec 

5 kg. load 
applied for 
90 sec. 

Cellulose acetate 

A1 

6-3 

5*8 

5*9 


B1 

7*2 

6-7 

6*7 


B2 

6-8 

6*3 

6*3 


Cl 

5*6 

5-2 

4-8 


C3 

5*2 

4*6 

4*2 

Cellulose nitrate 

El 

11 7 

11*2 

10 5 


FI 

10 5 

10*4 

9-3 

Ethyl cellulose 

G1 

5-2 

4-9 

4*8 

Acrylate resin 

J1 

140 

121 

11-2 


J2 

18-9 

17*2 

15-4 


K1 

14-1 

12*7 

11-3 

Vinyl chloride-acetate resin .. 

LI 

14*9 

14-7 

13-4 

Styrene . 

R1 

20-1 

18-7 

16 6 

Phenol-formaldehyde 

U1 

130 

113 

9-3 


A Theoretical Approach to Indentation Hardness Tests 

In the case of measurements on total deformation an interesting 
theoretical development has arisen from the work of Scott Blair, 
who set out to measure the “firmness” of materials like cheese. 
He found that in certain cases the following relation applied 
between shearing stress S and strain D: 

ip = S D~ x t k 

and that in these cases, in spite of its dimensional complexity with 
regard to time, <j> or log tp could be used to represent the firmness 
of materials previously subjected to arbitrary handling tests. 27 
However, probably in most of the plastics in use to-day tp is not 
independent of stress and the Nutting relation 

<p--S ti t k D~ 


must be applied. 
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In this relation the dimensions of ip become complex in stress 
as well as time, and it cannot be satisfactorily used to represent 
any physical property. Nor is any measurement based on a single 
stress satisfactory. In order to obtain a quantity directly related 
to a range of times and stresses a suggestion has been made that 
a constant £ representing the “intensity of firmness” should be 
derived from the volume of the three dimensional S-D-t 
diagram 28 - 29 where 

1 ~Smax ~tmax 

Volume — y—\ D dSdt 

JSmin Jtmin 

On taking the arbitrary stress range of 0 to 10 6 dyne/cm., 2 
times of 0 to 100 sec., and integrating the Nutting relation, 

log £ = log (j8 H 1) + log (k + 1) - log D max — 8 

thus expressing log £ in terms of experimentally determinable 
quantities and giving it a meaning independent of time and stress 
within the specified range. However, this constant also suffers 
from being a dimensionally heterogeneous quantity. The analogy 
between the intensity of firmness and hardness, particularly in the 
time problem, is noted by Scott Blair, who quotes a reference by 
O’Neill to the difficulties associated with the time factor in 
measuring hardness, namely: “Is sealing wax a somewhat hard 
or an extremely soft material? The answer will depend on the 
period for which the indenting stress is maintained, and if 
philosophically we feel sure that sealing wax is a fairly hard 
material, then a limiting loading time is being specified.” 

This time difficulty is standardized in the customary indentation 
methods by specifying a particular rate of applying the stress, but 
this is clearly an arbitrary procedure and the type of treatment 
envisaged by Scott Blair appears to increase the generality of 
approach. However, he worked largely on very soft materials, and 
the particular limits of time and stress which he suggests would 
certainly have to be adjusted with most plastics. Furthermore, 
difficulty might well be met because the deformation of many 
plastics contains a well-defined ideal Hookean component which 
might have to be treated separately in the deformation equation. 
Such complications can, however, only be visualized at the present 
time; the suggestions of Scott Blair on the property called the 
“intensity of firmness” offer a definite possibility of further 
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theoretical development in the measurement of the hardness of 
plastic materials. 
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CHAPTER VI 


THE IMPACT STRENGTH OF PLASTICS 
AND GLASS 


so far we have dealt largely with the effects of static forces on 
various materials, and have considered the ways in which they 
can be deformed, and the nature of the forces required to rupture 
them. However, these properties are insufficient to characterize 
the use value of a material, and a third type of measurement is 
generally necessary to test the capacity to withstand sudden blows, 
the impact of missiles, and similar types of rough usage. In a 
typical impact experiment (p. 171) the energy required to break 
a standard test piece under specified conditions is measured. 
During such a test both the stress and the deformation are varying 
continuously and the total energy required for rupture is given 
by the integral 

J P d(D ) for the duration of the test 

where P is the force and d D the deformation taking place during 
the short element of time when P may be considered constant. 
Bailey 1 used an integral of this form to describe energy absorption 
under static conditions for comparison with impact measurements. 

In the case of an idealized impact on a simply shaped test piece 
made of an ideally elastic material bending according to the 
theoretical relations this integration is readily made, and the 
energy to break may be expressed in terms of the breaking stresses, 
elasticity, and dimensions of the material, the dimensions usually 
occurring as the volume of the specimen. For instance, with a 
rectangular beam, the length, breadth and thickness are involved 
as a product in the calculated energy absorption. Sometimes there 
is evidence that measured impact strengths with real materials 
follow this relationship, though such behaviour is exceptional 
owing to the many other effects occurring in practice. For instance, 
some results exist showing a proportionality between thickness 
and impact strength; Gehlhoff and Thomas 2 found a linear 
relation between thickness and impact energy in the fracture of 
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glass, and a similar result was found with a phenolic laminate 
by Koon 3 (Table XXXII); a proportionality with breadth was 
assumed for the latter and the effect of length was not investigated. 

In this chapter impact strength is regarded as a derived property 
involving both the deformation and breaking properties of a 
material, and it is, therefore, fundamental that our approach must 
involve the theoretical examination of both these elements, and 
that impact strength will only be dominated by changes in one 
of them when the other is relatively constant. This point is of 


Table XXXII. Impact Strength of Two Phenolic-sisal Laminates as a 
Function of Thickness with \ in. Specimens 


7 hickness 

Impact strength 
of material 1 

Impact strength 
Area of specimen 

Impact stiength 
of material 2 

Impact stiength 
Area of specimen 

in 





1 

7 

140 

5-4 

10-8 

i 

6-5 

14-8 

4*5 

10*3 

l 

4-4 

11*8 

4-4 

11*8 

* 

40 

12-8 

3-1 

9-9 


4-5 

18-0 

2*6 

10*4 

i 

2-9 

15 4 

20 

10*7 

i 

_ i 

2 0 

16 0 

1*3 

10-4 


great importance in making comparisons between static tests and 
impact experiments since each of the quantities may be widely 
affected under conditions of impact. 

The several factors which cause differences in energy absorption 
under impact and static conditions form one of the major problems 
in impact testing, but even if they were all properly appreciated— 
and this is not so at present—we should still lack a complete 
guide to material behaviour under impulsive forces. In specific 
conditions an almost unlimited number of other factors may 
influence the applicability of general principles, and of these two 
may be mentioned at this stage. Sometimes after a test piece is 
cracked considerable further energy is used up in tearing the two 
parts asunder, and this is included in the result given by a pendulum 
test of the Izod type. On the other hand, in practice the shaped 
article may be considered to fail when it is merely cracked, or, 
even if the same criteria of failure apply in each case, the differences 
in geometry of the test piece and the product may alter consider¬ 
ably the relative energy contribution of this part of the process. 
For a second example, two objects may be made of materials 
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giving similar results under a wide range of impact tests, i.e. the 
energy required to break similar test pieces is always the same; 
but if the two materials have different specific gravities it would 
obviously be possible to discover a height from which the two 
objects could be dropped on to a hard surface so that one was 
broken and the other remained intact. This is the sort of advantage 
possessed by even a comparatively fragile plastic article over a 
heavier china one. 

In these circumstances the field of impact strength remains one 
where qualitative rather than quantitative agreement between 
theory and experiment is all that can be expected; first, it would 
appear best to try and disentangle the many distinct factors which 
can operate to increase or decrease the impact strength. 

If a material is broken under identical geometrical conditions 
by static and dynamic methods the energy absorbed in the two 
cases is generally different, even when the same criterion of rupture 
is applied to both. These differences can be experimentally 
investigated, and a proper understanding of them is fundamental 
to the investigation of the phenomena associated with impact 
strength. Before dealing with experimental results, therefore, some 
of the major effects which cause such differences are outlined in 
theory, largely as an expression of the author’s own viewpoint, for, 
on the whole, little attention seems to have been devoted to the 
problem. However, reference may be made to the work of Bailey, 1 
Morey, 4 Telfair and Nason, 5 and Hazen. 6 The latter put forward 
several of the factors given here and also placed considerable 
emphasis on energy losses in the impact testing machine. This 
effect is of course of greater importance from the point of view 
of testing technique than for the immediate question of the theory 
of materials. 


MAJOR THEORETICAL FACTORS IN IMPACT STRENGTH 

1. The Time Factor in Fracture 

It has been shown that the static strength of plastics and glass 
is, in general, dependent on the rate of application of stress or 
on the time allowed for the material to break. Now, if we are 
seeking to relate the energy required to break under impact with 
that occurring in a static experiment we are likely to be comparing 
the breaking of the material in a period of 100 sec. or more with 
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fracture in a time of the order of 10 -3 sec. Thus the time factor 
involved is so large (~ 10 5 ) that effects which seem small under 
different static experiments may become very important in relating 
static and impact experiments. The difference in energy absorption 
is further widened because a larger deformation is likely to occur 
when a larger stress is required to cause quick rupture. For 
example, if a solid showing ideal Hookean deformation only 
breaks in tension and the breaking stress at time t is given by /„ 
then the greatest energy absorption in 1 c.c. of the solid is given 
by \ff\E. Here, therefore, the breaking stress and its accom¬ 
panying time factor occurs as the second power in the energy 
term. Where there is a markedly stress-dependent relaxation time, 
or where a linear log (rate of deformation) — stress relationship 
exists, a rise in the breaking stress under impact conditions may 
be a matter of decisive importance. 

This time factor for fracture effect certainly occurs with glass, 
but it is to be regarded as a general element in the problem and 
must be considered in every theory of impact strength. It can 
only be neglected where experimental results show the time factor 
to be small over a range of time comparable to that involved in 
the extrapolation to impact conditions, or where there is evidence 
that an upper limit of breaking strength exists at all short times. 


2. Delayed Elastic Effects 

We have seen that the deformation of a plastic material may 
be represented by the relation 

Total deformation = D = D OE + D HE + D vnc 
=4 4 f(S,t)+f'(S,t) 

Of these effects the contribution of D OE is the most simple, 
and is, apart from limitations to be discussed later, essentially 
time-independent. Conclusive experiments proving the existence 
of viscous deformation under normal conditions with plastic 
materials are at present few; as far as ordinary impact strength 
is concerned its specific property of being permanently irrecover¬ 
able is of minor importance and any attempt which can be 
made at present to describe it quantitatively will be mathe¬ 
matically similar to that of a highly elastic deformation having a 
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long relaxation time. For these reasons it is neglected in the 
following discussion, which treats in a necessarily tentative way 
with the possible contributions of the highly elastic deformations 
to impact strength. 

Under D HE we are therefore including all non-ideal deforma¬ 
tions, and, as we have seen, these are often separable into a 
number of different components having different relaxation 
(orientation) times. On the relaxation time theory by itself it 
would appear that all deformations having a relaxation time 
above, say, 1 sec. can be neglected under impact conditions. How¬ 
ever, the relaxation time is often stress-dependent, and it follows 
that only where this stress dependence is small or known can we 
predict whether the particular component of deformation will 
occur under impact. One or more minor delayed elastic effects 
capable of taking place quickly may co-exist with a larger highly 
elastic deformation, and they may have considerable importance 
in that, together with the true Hookean deformation, they give 
time for the larger deformations to get started. 

It will be readily seen that the existence of a number of delayed 
elastic effects, whose stress dependence has not been investigated, 
offers almost insuperable obstacles to even a qualitative prediction 
of impact behaviour; by appealing to such factors the results of 
almost any impact experiment can be “explained.” However, 
enough is known of a single large highly elastic deformation of 
the rubber-like variety to make certain rough generalizations 
possible. In Chap. IV it was shown that high elasticity was 
characterized by a transition temperature region where there was 
a marked change in the overall elastic modulus and below which 
the highly elastic deformations did not occur. Since the change in 
the amount of the deformation is a very large one in this tempera¬ 
ture range it is reasonable to assume that it will not normally be 
compensated by an equivalent decline in breaking stress, and we 
should therefore expect many rubber-like materials to show a 
parallel increase in impact strength overthe transition temperatures. 

In other cases, especially where there is a considerable tempera¬ 
ture range in which the extent of the highly elastic deformation 
occurring depends on the circumstances of stressing, e.g. this is 
so with plasticized cellulose derivatives, the impact strength will be 
mainly determined by the amount of this deformation taking 
place under the conditions of testing. Here the limit of extensi¬ 
bility provides a maximum value for the extension which can take 
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place, but it certainly cannot be assumed that this maximum 
deformation will actually occur under conditions of impact. Indeed, 
the extent of the highly elastic deformation can be determined by 
the relation of the stresses required to produce a given rate of 

highly elastic strain, i.e. by the relation of to /, the 

fracture stress at short times. L at J 

For example, a piece of material of length / is subject to an 
idealized tension impact, i.e. the specimen is suddenly extended 
with a velocity V. We also assume that the material is one having 
a real stress limit f 0 (related to the original cross-section) where 
rupture occurs in zero time and that it shows highly elastic and 
ideal Hookean deformations only; the vibrational stresses are 
neglected. 

In the impact a heavy body acts through a rigid system, and, 
since the specimen must extend to keep pace with the striker, 


V / d ( D H[ ) 
dt 


+ 


i dtr 
Edt. 


d(D HE ) V dS 

Now if jy < -j then ^ will be positive and the stress 


will rise until P 0 is exceeded and the material must break. Further, 
if we can represent the rate of deformation by a relation of the type 




then there will, in general, be a unique curve relating rate 
of deformation with time when 5 — f 0 , and this will contain 

[d(D Y\ ma ' 

the maximum rate of deformation of which the 

material is capable. *- “ 1 -"° 

Hence if the test piece is struck at a velocity such that 


V p/(z>„ £ yp 

7 > L ~dt \ fa 

the contribution of the highly elastic deformation is likely to be 
small. At lower velocities where this inequality does not apply, 
the stress f 0 may not, and at much lower velocities will not, be 
quickly reached, and the contribution of the highly elastic defor¬ 
mation is likely to become large and will depend on the solution 
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of the two simultaneous equations according to which the breaking 
time and deformation depend on the stress to which the specimen 
is subjected. This may involve comparatively sudden transitions 
from very large to very small energy absorptions over a range 
of velocities of impact. These can sometimes depend on the 
inevitable variations in breaking stresses from one test piece to 
another and so give rise to big variations in results obtained with 
apparently similar test pieces. In the other case, where 

v \ d{P HE ) ir* 

I > L dt J /o 

the stress will rise steadily during the impact until rupture occurs 
at a value close to / 0 . Under these conditions the test piece of 
Hookean modulus E will still extend (apart from further restric¬ 
tions to be considered later) a distance of at least LfJE in time 
Lfo/EV , and, since the range of stresses in both is similar, the 
amount of highly clastic deformation will increase with the time 
and consequently decrease as velocily increases. This decrease 
should be steady and generally small. 

To sum up: we see that where many types of delayed deforma¬ 
tion co-exist almost any type of impact behaviour can be 
“explained,” but with true high elasticity the impact strength 
should be temperature- and velocity-sensitive. This velocity sensi¬ 
tivity, which is characteristically negative (energy absorption is 
reduced with increasing velocity), can be sudden or gradual; un¬ 
certain results may occur in the former case due to slight changes 
in breaking stress from one test piece to another. 

The possibility of satisfactorily investigating other effects, also 
operating to make impact experiments differ from static ones, is 
almost non-existent with materials showing large delayed elas¬ 
ticity, but other substances exist, notably massive glass, without 
this drawback. 

3. Adiabatic Effect 

When an ideal Hookean deformation occurs in a plastic material 
a small cooling effect accompanies it, 7 but where large non-ideal 
deformations occur in opposition to viscous or frictional forces 
emission of heat takes place and the quantity is not necessarily 
small. If a thin strip of plastic is subject to slow deformation any 
heat generated is easily lost and the consequences of these thermal 
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effect are unlikely to be significant, but under impact conditions 
deformations must be regarded as adiabatic. 

Where Hookean or small non-ideal elastic effects occur under 
impact the thermal changes will be small, and since the two pro¬ 
cesses operate in the opposite sense the resultant temperature 
changes may generally be neglected. However, this cannot be 
assumed for larger deformations occurring at high stresses. An 
attempt has been made to estimate the largest thermal effects 
likely to accompany the non-ideal extension 8 of plasticized cellulose 
acetate and cellulose nitrate. They showed a maximum tensile 
stress at short times and an approximate limit of extensibility. 

Table XXXIII. The Adiabatic Deformation of Plasticized Cellulose 

Derivatives 8 


Material 

Specific gravity 

Specific heat 

Limit of 
extensibility 

Maximum 

temperature 

increase 

Celluloid 

1-40 

0-34 

0-30 

°C. 

10 

Cellulose acetate 

1-28 

0 41 

0 50 

4*7 


From these quantities a maximum work absorption per c.c. can 
be calculated, assuming that the whole deformation takes place 
at this maximum stress, and this can be converted to a temperature 
rise via the specific gravity and specific heats (Table XXXIII). 

In these cases the temperature sensitivity of mechanical pro¬ 
perties is such that the temperature changes are not likely to have 
a large effect on impact strength in general, or to cause a difference 
between impact and static experiments in particular. However, 
this cannot be assumed for all plastics, since extensibilities of 
3 (300 per cent) or more are possible, and consequently much 
greater temperature variations than those given here may occur. 
These large heat changes will take place with materials which show 
a large impact strength. It should also be noted that adiabatic 
effects are not eliminated by using geometrical arrangements, e.g. 
notched test pieces, giving lower total energy absorption. In such 
tests a large energy absorption can still occur over those restricted 
volumes of the material which are likely to be critical in deter¬ 
mining total energy absorption. 

To sum up: considerable thermal effects under adiabatic 
deformation are confined to plastics showing large highly elastic 

i 
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deformations at high stresses; in general they will be materials of 
high impact strength and the effect of the temperature changes 
at the beginning of the deformation is likely to increase the 
eventual deformation at break and further raise impact strength 
(assuming that the material is not reaching its limit of extensibility 
under normal impact conditions). These materials characteristically 
show marked increases in impact strength with increase of 
temperature. 

The impact strength of glass is unaffected by this particular 
complication. 

4. Deviations from Theoretical Bending Relations 

Deviation in the mode of bending from that required to comply 
with the theoretical relations for a thin beam would lead to 
differences between calculated bending strength and actual maxi¬ 
mum tensile stress in the material at the time of rupture. Similar 
errors occur in connection with the deformation of a beam. 
Such deviations from theory can derive from three causes: the 
material may show deformations not proportional to the stress, 
the beam may not be long and thin, or the bending of the test 
piece may be so large that the theoretical equations, which assume 
a small deformation only, no longer apply. Under any of these 
conditions the true relation between impact and static tests will 
be very difficult to discover. The balance between stress propor¬ 
tional and non-stress proportional strains in non-ideal deformation 
is very likely to be altered under impact so that the test piece 
bends in a different shape. With large Hookean deformations 
there will be no difference between static and impact experiments 
unless the stress under impact conditions is larger than under 
static conditions, when it is necessary to know the relation between 
stress and deformation for the whole test piece in order to calculate 
energy. This difficulty occurs with very thin glass plates whose 
considerable deformation under central force is neither propor¬ 
tional to the stress nor in accordance with simple theory. 

These deviations do not occur in tension impact. 

5. Weight Factor 

In the case of slow impact of a weight W on a beam of weight w 
the assumptions can be made that at the moment of impact a 
common velocity of beam and striker is established and that the 
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rest of the beam moves so that its shape remains as in a static 
deflection. These assumptions require that the materials shall be 
capable of absorbing energy at the point of contact. They lead 
to a factor corresponding to the loss of kinetic energy on impact 
which has been evaluated by Cox, 9 who showed that under these 
circumstances the energy of impact must be reduced by a factor 

1 

17 w 
1 + 35 W 

A similar factor has not been calculated for a plate, but it 
might be expected to be smaller as the fraction of the mass near 
the centre is less with a plate than a beam; this factor operates to 
increase the impact strength of a beam or plate as the weight of 
the incident missile is in effect reduced. 

The weight factor is one form of energy loss during impact and 
other losses can occur for different reasons. These have been 
investigated experimentally by Tuzi and Nisida. 10 A plastic beam 
was struck by a heavy pendulum and the stresses estimated 
photo-elastically; they are then compared to those predicted from 
the known energy of the pendulum. The results indicate that actual 
stresses are only 70 to 85 per cent of those predicted, though it 
would appear that 2 to 3 per cent must be added to these figures 
as the formula used corresponds to a vertical impact and not a 
horizontal one as used by Tuzi and Nisida. Part of the difference 
is likely to be due to “damping” in the beam, i.e. the conversion 
of kinetic into thermal energy by the action of non-ideal deforma¬ 
tions. In confirmation of this view it should be noted that 
de Bruyne" has reported losses of up to 24 per cent with certain 
plastic materials in oscillational tests. However, it should be appre¬ 
ciated that a major part of these energy losses are due to non¬ 
ideal deformations of the type described in Section 2. 

6. Vibrational Stresses under Impact 

An essential feature of the treatment of the ideal Hookean 
deformation in low velocity impact is that the test piece is 
conceived to be deformed in the same manner as under static 
conditions, so that the initial stresses when contact is first made 
are zero. However, as the velocity of impact is increased this 
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assumption ceases to be even approximately true and high stresses 
are set up on collision which subsequently vary in a series of jumps. 
The precise mathematical treatment of such conditions is a matter 
of great difficulty, but in the simple case of the compression impact 
of a rigid body of mass W moving with velocity V on to a rod of 


H--H 



Fig. 63. —Boussinesq’s theoretical im¬ 
pact “experiment.” 12 


mass w (Fig. 63) the sequence of 
events has been worked out by 
Boussinesq 12 and discussed more 
recently by Donnel. 13 A short 
account is given here following 
the treatment of Timoshenko. 14 

An illustration of the way the 
initial stress S Q is brought about 


is given in Fig. 64, where it will be seen that S 0 — VVE p, where 


E and p (density) apply to the bar.* Timoshenko demonstrates 



EVl 

Stress (5) — E x Strain /£ 

\l-t- Vt 
V /> 


V \/E() since 1 > Vt 


Fig. 64.— Diagrammatic treatment of the vibrational stress at the point 

of contact. 22 


that this initial compressive stress at the point of contact decreases 
at first according to the relation 

(- t_ VCp\ 

S 0 e v w ’ where S 0 — VE p 

However, this equation only holds until the compression wave 
arrives back after being reflected from the fixed end of the rod, 
when the compressive stress is suddenly increased by an amount 

* If the same treatment is applied taking account of the properties p', of 

the impacting body, a similar treatment gives V 0 - V _ ^ 'EpE p 

y/Ep + V£' p' 

According to this treatment the initial stress is the same under tension or 
compression. 
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2 S 0 . By appropriate treatment the calculation can be continued 
in a series of steps until the stress becomes zero and contact 
ceases. Timoshenko gives results obtained in this way, taken from 
the work of Saint-Venant and Flamant, 15 as illustrated in Fig. 65. 
The figures are calculated in terms of a unit value for S 0 and 
different values of a (a = wj W), i.e. for different impacting masses 
and a constant velocity of impact. 

It will be clear at once that the resulting stresses do not even 
remotely resemble those anticipated for a steady accumulation of 
strain energy under slow impact. Further, it will be seen that the 
effect of doubling the impacting mass and changing a = 1 to 



Fig. 65.—The sequence of stresses with time at the point of contact in Boussinesq’s 
theoretical treatment of impact. 14 

a = l leads to an increase of only about 10 per cent in the maxi¬ 
mem stress though the duration for which this stress is actually 
applied is considerably increased. In view of the importance of 
the magnitude of the maximum stress in relation to the known 
properties of materials it is desirable to correlate the results 
obtained in this way with those derived from other methods of 
estimation. For this purpose a comparison of the results of the 
different calculations of the maximum stress has also been given 
by Timoshenko (Fig. 66). The curves given show the values of 
the maximum stress calculated for different values of a (1/a). 
The upper continuous curve represents the values of S (max) 
derived from the Saint-Venant treatment, while the dotted curve 
represents those given by an empirical relation sometimes used, 
namely: 

s™,=s.(V„T + 1 ) =rv/ M' / ; +1 ) 

The bottom continuous curve is obtained by neglecting the mass 
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of the rod and equating the kinetic energy of the impacting object 
to the maximum strain energy in the rod (simple slow impact 
treatment). It will be seen that one major difference between the 
two relations can be expressed as follows: 

Strain energy treatment as 

W -»■ 0 Energy of impact -> 0 Maximum stress -»■ 0 
Saint-Venant-Boussinesq relation as 

W 0 Energy of impact 0 Maximum stress -> 2 VVE p 


Smax. 



Fig. 66. —Calculated stresses for Boussinesq’s impact “experiment.” Upper con¬ 
tinuous curve the exact theoretical treatment, lower continuous curve the simple 
strain energy treatment (a — w/W.) 14 


These conclusions are obviously of great importance in the 
understanding of high veocity impact, particularly with true 
Hookean solids like glass. In this case we have shown that rupture 
with a wide range of time can be roughly expressed by the relation 

i 

Tensile stress proportional to (/) 12 8 
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or more accurately* by 

Tensile stress ^ 1 ~ COnst ' 

i.e. an increase in stress is far more destructive than an increase 
in the time for which the stress is applied. Further, once a becomes 
small, and conditions of low velocity impact are left behind, the 
maximum stress is proportional to V the velocity, and so it must 
be concluded that an increase in velocity is more likely to cause 
breakage than increases in the mass W (energy of impact) at a 
given velocity. Unfortunately it is not easy to arrange for breakage 
under impact to take place under the simple geometrical con¬ 
ditions considered by Boussinesq, but it would appear better to 
consider the stresses arising from high velocity impact qualita¬ 
tively in terms of Vx/Ep , or 2 WE p, than in terms of strain 
energy and the total energy of impact. This is in general accordance 
with the conclusion of Boussinesq, 16 who considered, in con¬ 
nection with the theory of the sand blast, that if a material had 
a maximum extension necessary to cause rupture there would 
also be a maximum velocity of impact on a circular plate, given 
by V =- 0-94 v'Ejp x (max. extension), above which any particle 
would cause permanent damage. If we replace the conception of 
rupture at a maximum extension by that of a maximum stress f, 
so that f,/E — max. extension we get V — 0-94 f/VE p, i.e. rupture 
occurs where VVE p > f x 0-94. 

Further light on the significance of V\/E p is given if we consider 
unit volume of a Hookean solid breaking under a tension /,; 
the maximum strain energy it can take up is given by lf, 2 /E; 
but the kinetic energy of the same volume at velocity V is given 
by i V 2 p and these quantities are equal when Vx E p — /„ i.e. 
this is the condition of equality of kinetic and maximum strain 
energy. Above this velocity (for any Hookean material for which 
f t can be given a meaning) the energy required to set its mass in 
motion exceeds that which it can absorb in bending. 

The assessment of the contribution made by these vibrational 
stresses to the process of fracture under impact must be carried 
out in relation to the geometry of the test. It is essential to 
recognize that the stresses are generated at the point of contact 

* However, the implication of this formula that the tensile strength -> oo as 
t 0 is extremely doubtful. 
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of the striker and the test piece, and that their subsequent history 
at this point will only follow the predictions of the Saint-Venant- 
Boussinesq theory when the test piece has the same shape and 
the material the same properties as they assumed. Naturally their 
assumptions are not, in general, directly applicable to most impact 
tests, and in practice at least two distinct cases may be considered. 
Firstly, in those tests where the specimen is broken close to the 
point of contact with the striker, for example when a weight falls 
on to the centre of a thin plate or a long bar, the occurrence of 
vibrational stresses should cause a marked reduction in the energy 
required to fracture the test piece at high velocities of impact, 
i. e. to negative velocity sensitivity. Secondly come the tests where 
fracture is arranged to occur at a point remote from the striker, 
e.g. the Izod notched bar test; and in these the contribution of 
the vibrational stresses cannot readily be predicted. 

The situation in those cases where elastic waves make a partial 
contribution to rupture has also been discussed by Morey, 17 who 
considers that when stress waves pass over parts of the material 
already under stress the stress of the pulse is momentarily added 
to the existing stress and may carry it over the limit for fracture. 
Morey also suggests that the intensity of these waves becomes 
reduced when they are propagated in a material containing 
heterogeneous elastic constants with a wide range of relaxation 
times. It would appear that such materials must contain a range 
of short relaxation times if the elasticity is to operate under impact 
conditions and that the overall elasticity measured by vibration 
techniques should depend on the frequency. 

The damaging effect of elastic waves will always be reduced if 
they are propagated in materials with a high damping capacity, 
i.e. in which potential and kinetic energy are not readily inter¬ 
changeable. 

7. Other Effects in Impact 

The six factors outlined by no means exhaust the numerous 
possibilities which have to be considered in the comparison of 
dynamic and static testing, and, apart from the likelihood that 
undefined factors still exist, there remain many others. Among 
them are the energy losses in the testing machine and the errors 
involved in the method of gripping the test piece. For instance, 
where the holder has a sharp edge, or where excessive pressure 
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is applied across the grain of a laminated material, the results 
may be appreciably affected. Another effect of great importance 
is the notable reduction in impact strength brought about by the 
existence of notches, i.e. points of stress concentration in the 
material. As the effect of these is considerable, as they are often 
peculiar to certain materials, and as irregularities of shape often 
occur in use, the impact testing of notched samples is often pre¬ 
ferred or specified. In these and other tests the material may be 
broken into separate pieces by the striker, as in the ordinary Izod 
test, causing additional energy contributions which are included 
in the result obtained. Among them is the kinetic and rotational 
energy of the broken fragments, and any additional energy, often 
considerable with complex laminated materials, which is used in 
tearing the specimen apart after the first crack is formed. Where 
the latter is large there will be a marked difference between the 
energy to fracture the specimen and the energy absorbed in 
breaking it up; with a material like laminated glass the energy 
required to crack the glass may be only about 20 per cent or less 
of that necessary to break up the material into separate pieces. 

Impact Strength of Glass 

The problem of impact strength and its relation to slow 
deformation is greatly simplified with materials showing mainly 
the ideal Hookean type of deformation. In such, according to the 
classification given above, we should expect only the time factor, 
vibrational stresses, possibly the weight factor and certain energy 
losses during impact to operate—provided always that samples 
are chosen where static bending occurs according to the theoretical 
relations. Massive glass is outstanding in that all deformations 
other than the Hookean deformation are certainly small and, 
therefore, its behaviour under impact is worthy of special theo¬ 
retical consideration. 

Of the three factors mentioned previously as applying to glass, 
it is to be noted that two of them, the weight factor and vibrational 
stresses, are minimized by using impact conditions in which a 
heavy weight strikes the glass at a low velocity. There remains 
the time factor in fracture. In these circumstances the breaking 
stresses calculated from the energy of impact and the theoretical 
bending relations should be noticeably larger than those occurring 
under forces slowly applied, and the increase should correspond, 
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at least roughly, with that predicted for the known time variations 
in the bending strength of glass. 

In Chap. Ill it was shown that the bending strength of a single 
piece of glass is a measurement at present without much physical 
significance, and that only averages of a number of strength 
measurements, together with such statistical parameters as the 
standard deviation or the coefficient of variation, were of value. 
This applies with all the more force to impact measurements, 
where the Hookean energy term will be of the form 

IflJE 

where f B t is the bending strength in time t. If we write f Bt in 
individual cases as 

f,J 0 ± TSo) 

it follows that impact strength will contain terms approximately 
of the form 

<*.«,/*>(' ± *) 

i.e. the apparent coefficient of variation will be roughly doubled; 
since 20 per cent is a common value of this coefficient for the 
bending strength impact variations of 40 per cent are to be 
expected. Thus, the errors in impact experiments from this source 
are liable to be particularly high and averages of less than 25 tests 
are not likely to be accurate. This wide variation in impact tests 
was found in the experiments of Gchlhoff and Thomas 2 and other 
workers. 

In low velocity impact experiments with a material like glass 
having a high modulus of elasticity it is also generally possible to 
neglect the distance through which the glass bends during impact 
in comparison with the fall of the ball or hammer, i.e. the energy 
of impact can be taken as simply the mass of the striker multiplied 
by the distance fallen at the point of contact with the glass. This 
energy is then related to the bending and breaking energy of the 
beam or plate via the appropriate linear equations for bending 
and rupture using the relaxation 

Strain energy = jpd(D) = \ central force x deformation. 
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In the case of a beam supported at its opposite ends the deforma¬ 
tion and rupture relations are 

„ . central force x P 

Deformation =- . -and 

4 Ebh 3 

r 3 x central force x / 

Jb,,= Ybl? 

giving under impact conditions 17 

f _ /l8 E x (Energy to fracture) 

/*» —V — Ybh 

where b is the width, / the length and h the thickness. For a square 
plate simply supported 18 


Deformation 


0-1265 a 2 (central force) 


central force / 2 a \ 

f B , t — ^2 (1 + °) f0*485 log+ 0-52 J 

where a is the side of the square plate. 

The comparison of derived breaking stresses f B under bending 
and impact is most easily carried out for glass beams, and such 
experiments have been recorded by Williams, 19 Schmeer, 20 
Preston 21 and Haward. 22 In all these, higher values were obtained 
under impact than static bending, but in the experiments of 
Williams, who used a relatively light striker and large pieces of 
glass, ratios of only 1-0 to 1-2 in the two stresses are to be 
derived; though Preston and Schmeer obtained ratios averaging 
about 1-4. In the later experiments carried out by Haward care 
was taken to use a heavy (1 • 1 to 1 • 6 kg.) pendulum, with relatively 
light (0-039 to 0-079 kg.) glass beams, and the results were analysed 
to give the ratio of fast (impact) and slow bending strengths. These 
ratios were then compared with those predicted by the empirical 
relation of Holland and Turner, 23 according to which: 


/ fast (t slow\ 1 
/slow * V/fest/” 

The results are shown in Table XXXIV. The agreement between 
the last two columns indicates that the impact strength in these 
experiments was largely determined by the higher stresses required 
for the fast fracture. 




Table XXXIV. Fast and Slow Breaking of Glass Beams 
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29 2 * 0-28 49 , 13*7 65 | 164 I 0 42 5,900 
\- 5 2 \ 0*41 81 , 14*0 247 j 166 ' 0 114 21,000 
29 2 x 0*41 81 14*0 110 166 0 25 10,000 
29 2 x 0*41 77 20*5 140 j 213 0 30 19,000 
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The procedure in Table XXXIV was then repeated for the slow 
central impact of a 0 - 88 kg. steel ball-bearing on simply supported 
square panes of sheet glass (Table XXXV). 

Tables XXXIV and XXXV show that the agreement between 
the predictions of the fracture time relation and the results of 
impact experiments is satisfactory, taking into account the in¬ 
evitable errors involved, but that this agreement is closer with 
beams than with squares. One reason is that the coefficient of 
variation obtained in the breaking of beams under impact is 
smaller than with squares, the figures being 20 to 30 per cent and 
35 to 55 per cent respectively. This difference corresponds to a 
parallel difference in “v” obtained with the two different modes 
of rupture in static experiments. Thus the experiments with beams 
yield the more reliable average value for the energy required to 
cause fracture. It is possible to assemble the pieces of the squares 
after fracture, and so to compare the cracking patterns obtained 
under slow impact with those given under static conditions. The 
general similarity in the form of cracking (Plate III) furnishes 
further evidence of an analogy between the two processes; accord¬ 
ing to this view the sequence of events in each is therefore as 
follows. The glass is gradually deformed by the applied load until 
the maximum tension beneath the point of loading exceeds the 
breaking stress under the conditions of the experiment, during 
this period potential energy is stored in the glass. However, 
once fracture takes place this potential energy is released by the 
spreading cracks and operates to build up stresses at the crack 
tips, and so the process by which the cracks extend is one of 
explosive violence. A spark photograph which illustrates this 
development, and shows the presence of highly stressed regions at 
the tips of cracks spreading in a plate of glass, has been published 
by Edgerton and Barstow 24 (Plate VIII (6)). All these results are 
construed as being in agreement with the view that the time factor 
plays a major part in causing the energy required to break glass 
under slow impact to be larger than is necessary under statically 
applied forces. 

However, it is to be noted that the time factor operates in the 
same sense as the energy dissipation factor, i.e. to increase strength 
under impact conditions. If the energy losses were as large as those 
obtained by Tuzi and Nisida with a plastic beam 10 it would follow 
that another factor is operating to reduce the impact strength of 
glass even under these conditions. However, it does not seem 
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possible to reduce the contribution of the time factor substantially 
since Preston has shown the bending strength time curve to be 
continuous down to 10 -2 sec. and his values fall within 15 per cent 
of those predicted by the Holland and Turner relation. Obviously 
there is room for energy losses of about 10 per cent within the 
accuracy of the work, but a reduction of 20 per cent in the 
/(fast)//(slow) ratio for beams, which is what the work of Tuzi and 
Nisida would suggest, would bring the time factor below accepted 
values. The best assumption seems that the energy losses in a 
Hookean solid like glass are much less than in the plastics used 
by Tuzi and Nisida, a conclusion in accordance with known 
properties. 

Further support for the time factor hypothesis comes from the 
consideration of the properties of toughened glass, where the 
static and impact strengths of a sample have been determined by 
the same author, 2? and treated by a method based on the principles 
already outlined. The toughened glass is first compared with a 
piece of sheet glass broken under similar conditions so that the 
bending strength can be divided into the two components 

/ B (toughened glass) — f B (sheet glass) + K (toughening factor). 

In slow rupture the quantities are, respectively, 

1,970 kg./cm. 2 = 960 kg./cm. 2 q 1,010 kg./cm. 2 

It follows that any increase in slow impact energy over slow break¬ 
ing energy with this glass must be due to the alteration in the 
960 kg./cm. 2 term under conditions of impact. This alteration can 
be calculated either by the Holland and Turner relation or by 
analogy with pieces of sheet glass whose impact strength was also 
determined. The results obtained are given in Table XXXVI. 


Table XXXVI. Theoretical and Expfrimental Resllts for the Energy 

REQUIRED TO FRACTURE A PIECE OF TOUGHENED GLASS UNDER IMPACT 


Slow energy for 

Impact energy 
calculated from 

C alculated by analogy 

Experiments with 

fracture (measured) 

Holland and Turner 

with sheet glass 

0 88 kg ball 


relation 83 

37 kg /cm. 

87 kg /cm 

73 kg./cm. 

79 kg /cm. 


Here again the results support the theory that the time factor is 
the dominant one for Hookean solids at slow velocities of impact. 
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At first sight this theory suggests that if the impact strength of 
different types of glass is measured at low velocities it should 
decrease as the modulus of elasticity increases, and increase with 
increases in the bending strength. This conclusion is not supported 
by the results of Gehlhoff and Thomas 2 on the effect of changing 
composition on impact strength, but it cannot be said either that 
they supply definite contrary evidence since, firstly, the time 
factor is not likely to be independent of composition and was not 
determined for their glasses, which differ markedly from most 
soda-lime-silica glasses upon which the measurements of Holland 
and Turner, and Preston were carried out, and secondly, whereas 
bending and tensile tests are performed on circular or elliptical 
rods impact experiments are made with small rectangular beams. 
Nevertheless, their figures do serve to illustrate, except in the case 
of BtQi, that the addition of the various basic oxides to the 
soda-silica base glass does not have a very marked effect on impact 
strength (most of their figures fall in the range 2^0-3), i.e. 
impact strength is not very sensitive to the composition of the glass. 

Effect of Increasing the Velocity of Impact 

By using a series of ball bearings of different sizes it is possible 
to investigate the average energy and height of fall required to 
break simply supported glass panes of any particular size. Such 
investigations with sheet and toughened glass squares of sides 
4 to 12 in. have been carried out by Haward 22 and with 2 in. circles 
by Bailey, 26 and the results obtained are in general agreement. As 
the velocity of impact is increased (size of ball decreased) there is 
a very marked fall in the energy required to crack the glass (Fig. 
67). This fall in energy is accompanied by changes in the cracking 
pattern, as may be seen by comparing Plates III and IV. It has 
been shown 27 with toughened glass that this falling off in energy 
to break also occurs in a similar way if a loaded striker is used 
to give a constant curvature in contact with the glass (Fig. 68). 
This falling-off effect cannot be accounted for by the operation of 
the “weight factor” since this would act in the opposite sense 
and so tend to increase the energy to break with light balls. It 
appears, therefore, that glass is subject to a severe form of velocity 
sensitivity despite only ideal Hookean deformations being in¬ 
volved; to explain this vibrational stresses must be considered. 
If we take VVEp as a rough indication of the initial stress waves 
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in the glass we find that with p = 2-5 and E — 700,000 kg./cm., 2 
and neglecting the elasticity of the steel ball in comparison with 
the glass the following results are obtained: 


V = 400 cm./sec. (9 m.p.h.) 
(Sheet glass) 

= 900 cm./sec. (20 m.p.h.) 
(Toughened glass) 


VVEp = 530 kg./cm. 2 

(Sheet glass) 

= 1,200 kg./cm. 2 
(Toughened glass) 


i.e. the falling off of energy to fracture does occur at those velocities 



Fig. 67.—The relation between the energy to fracture and the velocity of impact for 
glass squares of different sizes. 22 


where VVEp is becoming comparable with the bending strength 
of glass and toughened glass. These results may therefore be 
considered to agree with the view that what we have called 
vibrational stresses, arising from the collision of two elastic 
materials, play a major part in cracking the glass at high velocities. 

At first this conclusion seems to contradict the work of Edgerton 
and Barstow, 28 ' 24 who showed that when glass was broken by a 
striker arrangement at velocities in the 400 to 1,000 cm./sec. range 
rupture a short time after impact was caused by tangential bending 
stresses after some deformation had taken place. Also, in other 
experiments they found that no connection could be observed 
between the movements of the wave fronts and the propagation 
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or initiation of cracks. The conception of vibrational stresses must 
be interpreted in accordance with these results; but at present 
there seems no reason to discard the theory that in fast impact on 
the centre of a simply supported glass square both the normal 
pressure on the glass, and the tangential tensions below the 
striker which cause fracture, can be brought discontinuously up 



Fig. 68.—The energy required to fracture 12 in. x 12 in. x in. toughened glass 
squares under impact at different velocities. Curve B is based on experiments 
with a different sample of glass. In this case a loaded striker was used so that 
the curvature of the surface in contact with the glass was constant in the three 
groups of experiments. 27 

to the breaking value when VVEp is comparable to the breaking 
stresses; nor that the developing stresses differ from those under 
slow deformation in a manner similar to the difference between the 
results of the treatment of Boussinesq for a compressed rod and 
those given by ordinary static compression. In such instances the 
breaking stresses are reached at smaller deformations and there¬ 
fore with smaller energy absorptions than with slow fracture as 
the bending stresses immediately round the point of contact 
between striker and glass are increased by the necessity of com¬ 
municating kinetic as well as potential energy to remote parts of 
the pane. In high velocity fractures the type of support might be 
expected to play a decreasing part in deciding the energy required 
to crack the glass, since the essence of this theory is that high 
stresses are generated at the time of initial contact before the 

M 
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glass has started to bend appreciably. Bailey 26 has confirmed this. 
He found: (a) that at low velocities the energy to crack was less 
on an iron than on a wooden support, but that this divergence 
disappeared at higher velocities. His experiments made with 2 in. 
diameter circles seem to have been somewhat more sensitive to 
the type of support than those of Haward with larger squares; he 
also found ( b ) that if the glass is hung on cloth in a vertical plane 
it can still be broken under impact at suitable velocities, and that 
under these conditions also the energy to break falls to very low 
values with small balls and high velocities. 

By setting up an arrangement whereby a ball was caused to 
rise vertically with a known velocity and strike the centre of the 
bottom surface of a steel or glass plate, Bailey investigated the 
communication of energy through the plate to a ball on its upper 
surface (Plate IX (rj). The height to which the rebound ball rose 
was indicated by the trace on the smoked glass plate. Two such 
traces are shown in Plate IX (a) and ( b ) for a steel- and an ivory¬ 
impacting ball respectively. It will be seen that the steel ball with 
the higher velocity and elasticity modulus gives a much more 
concentrated effect, and the ivory ball gives impulses widely 
distributed right to the edge of the plate. The concentration of 
stresses at the edge is of interest, and in accordance with Bailey’s 
observation that small pieces of glass frequently break from the 
edge instead of the point of impact. This effect is relatively less 
common with larger specimens, though it can also occur. 

In all these examples it has been assumed that the size of the 
circular missile was of small importance. This assumption may be 
justified when the glass breaks in tension from the lower surface, 
particularly where deformations and the bending stresses can be 
derived from the theory of deformation of the plate under a con¬ 
centrated central force, but with small balls travelling at high velo¬ 
city and thick plates of glass it is quite possible for the glass to break 
first under the Hertzian forces round the circle of contact. Plate 
X (a), (b ) and (<j shows an example from the work of Edgerton 
and Barstow 27 where both methods of rupture are taking place 
simultaneously under impact, and Plate X (d) gives an example 
of a perfect cone knocked out of \ in. glass by a \ in. diameter 
steel ball bearing falling 26 ft. Under impact a number of varying 
stages between the ring crack and the full “cone” effect can be 
obtained, but under static experiments only the initial circle and 
small extensions into the glass have been reported. 
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There is an essential difference between the experiments of 
Edgerton and Barstow, and Haward. In the beam shown in Plate 
X(a) the Hertzian cone is formed at the point of contact but 
does not extend until after the glass has broken under bending 
tension at the opposite edge, whereas Haward knocked an 
undamaged “cone” out of the glass by continuous extension of 
the original Hertzian ring crack. This difference is to be ascribed 
to differing geometrical conditions and velocities of impact. It 
should be noted that when breakage takes place under the Hertzian 
forces at high velocity it can occur almost immediately under the 
influence of those contact stresses from which the stress wave 
originates, and without appreciable bending of the test piece as a 
whole. 

We may now sum up the effects occurring in the breakage of 
glass under impact: 

(1) Under slow impact the energy to fracture is greater than 
when similar pieces are broken statically. The increase is in rough 
agreement with that which would be predicted from the known 
time factor for the fracture of glass in tension. 

(2) At velocities of impact above 200 cm./sec. (~ 7 ft./sec.) 
with steel balls and 4 in. to 12 in. glass squares a decline in energy to 
fracture sets in which can be explained as being due to vibrational 
stresses. 

(3) With small areas of contact, high velocities, and thick pieces 
of glass, fracture occurs at the point of impact on the upper 
surface under the influence of Hertzian forces. 


Methods of Testing Plastic Materials 

The greater part of the current impact testing of plastic 
materials is carried out by the Izod and Charpy notched bar tests. 
However, many other methods of testing have been applied, and 
of these perhaps the most important are those where the energy 
required to crack the test piece is measured. One specification 29 
where this type of test has been applied requires that acrylate 
sheets supported on three J in. metal rods situated at the corners 
of an isosceles triangle shall withstand specified impacts from a 
falling steel ball without splintering or cracking. 

In the Izod and Charpy tests a bar, commonly l x \ x 2\ in. 
for the Izod and \ x J X 5 in. for the Charpy tests, is broken by 
the swing of a heavy pendulum. The energy taken up by the impact 
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is measured by the difference in the height to which the pendulum 
actually rises compared with that to which it would have risen if 
no test piece had been there. An Izod testing machine is shown in 
Plate XI (a); the marker on the dial is carried round by the move¬ 
ment of the striker and remains on the left-hand scale to indicate the 
Izod impact strength of the material. In this Izod-type machine the 
test piece is in the form of a small cantilever, but with the Charpy 
impact test it is in the form of a beam to be broken at the centre. 

Illustrations of suitable test 
pieces as recommended by the 
British Electrical and Allied 
Industries Research Association 
have been published 30 and one 
of these, for the Izod machine, 
has been incorporated in B.S. 
903: 1940 (Fig. 69). Somewhat 
similar test pieces have been 
described in current American 
specifications, but here the 
angle of the notch is reported 
to be 22^°, its depth 0-100 in. 
and thickness at the bottom 
0-01 in. 31 These differences will 
naturally mean that results are not precisely comparable with 
the differing test pieces. On the question of notched and un¬ 
notched impact testing the article 30 recommends that unnotched 
specimens should be used when a uniform structural element 
with supported boundaries is likely to be subject to a rapidly 
applied bending stress, but that notched test pieces should be 
used where there are structural features tending to localize the 
stress. 

A series of results obtained by a Charpy notched impact test 
and by ball drop tests on 6| in. diameter plastic discs gripped 
between rubber gaskets, has been presented by Axilrod and 
Kline 32 in connection with their survey of materials suitable for 
use in aircraft (Table XXXVII). It will be seen that there is a general 
parallelism between the results given by the two methods; the 
figures also illustrate the typical superiority of the cellulose 
materials under impact compared with other thermoplastics. The 
notable reduction in the notched impact strength with decreasing 
temperature is a common property with many plastic materials. 



Fig. 69.—A diagram of an Izod test 
piece.' 0 
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Table XXXVII. Charpy and Dropped Ball Impact Tests on Transparent 

Plastics 


Material 

Sample 

Thickness 

Charpy impact 
strength (notched) 

J ft.-lb /in. of notch 

Ball 

height 

Ball impact 
strength 

Average No 
falls required 
for failure 




70° F. 

25° F. 


Cellulose acetate 

A1 

mil. 

65 

2-8 

0-51 

ft. 

65 

2-5 


A2 

96 

3-2 

0-37 

50 

7 


A3 

135 

2*1 

0-25 

50 

! 9 


B2 

94 

1*9 

0*33 

65 

6 


B4 

98 

30 

1*51 

65 

2-5 


B5 

100 

3-6 

1*53 

65 

10 


B6 

67 

2-7 

0-89 

65 

1 


B7 

95 

2-4 

116 

65 

6 


B9 

92 

2-3 

0-29 

65 

5 


Cl 

57 

2*8 

102 

65 ' 

3 


C3 

125 

2-4 

0*84 

65 

9 


D1 

165 

2-3 

0-30 

50 

6 

Cellulose nitrate 

El 

66 

3-8 

213 

65 

4 


FI 

63 

4-4 

2-60 

65 

4-5 

Ethyl cellulose 

G1 

59 

3-1 

2-49 

— 

— 

Acrylate resin 

K1 

117 

0-46 

0-33 

3 

2 


K4 

88 

0*45 

0-26 

— 

— 


K7 

222 

0-44 

0-37 

10 

2 


K8 

218 

0-40 

0*36 

10 

3 

Vinyl-chloride-acetate 

resin 

L3 

102 

0-4 

015 

8 

2 

Vinyl acetal resin 

N1 

122 

2-9 

0-65 

1 

65 

j 11-5 


Application of the Theories of Impact Strength to Plastic Materials 

From the theoretical discussion it is clear that the impact 
strength of plastic materials is so complex a subject that exact 
prediction of results is largely impossible. It is, in fact, easy to 
predict almost any result by appealing to one or other of the 
perfectly possible effects. All that can be expected is to establish 
certain probable correlations and the particular circumstances 
under which they are obeyed. 

If we divide the energy taken up by the most highly stressed 
part of a plastic test piece where rupture is presumed to occur 
under tension into its ideal Hookean and non-ideal elastic portions 
(and a similar relation could be set up for rupture under shear) 
we get 

, $ «/< r 

Energy taken up = \f?/E + S d(D HE ) 

s-oj 
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where f is the tensile fracture stress of the material under the 
conditions of the test. 

It should be noted that this relation does not include any energy 
taken up in the tearing process after fracture; to obtain any 
conclusions out of it we can divide our plastic materials into two 
sorts. 

(1) Those where the Hookean deformations predominate— 
typically the thermosetting resins but also thermoplastics (poly¬ 
styrene) at temperatures well below their elastic temperatures. 

(2) Those where the highly elastic type of deformation occurs 
and greatly exceeds the Hookean deformation—typically the 
thermoplastic materials above their thermo-elastic transition point. 

In making these distinctions we are making simplifications which 
cannot universally apply, since all plastic materials show some¬ 
thing of each type of deformation and it is always possible to have 
arrangements in which a small additional deformation at a 
particular point may make it possible for the test piece as a whole 
to take up very much more energy. For this reason, predictions are 
most likely to be obeyed in the simplest geometrical conditions. 

Nevertheless, we can see that in the first sort, as with glass, we 
are largely dealing with changes in lfj/E and concerning this 
quantity two conclusions appear possible. Firstly, it appears well 
established that /, increases as t —>0 with most plastics, and we 
should expect the energy taken up under impact to be more than 
in slow bending under similar conditions. At present experimental 
evidence on this point is meagre, but some unpublished experi¬ 
ments by the author have shown that polystyrene squares take up 
considerably more energy under slow impact than with static 
bending, and the work of Telfair and Nason 33 has shown that in 
an unnotched Charpy test a wood flour-filled phenolic resin takes 
up more energy than in slow bending, the difference according 
with the observed time factor for fracture. Secondly, it is clear 
that both the quantities f t (or f) and E, in general, decrease 
steadily as the temperature is raised, so the impact strength under 
these conditions may increase or decrease steadily (or both) over 
a temperature range, but sudden transitions are unlikely so long 
as D he is largely absent. 

This generalization seems to be well supported by the experi¬ 
mental results for thermosetting and hard thermoplastic materials. 
Carswell, Hayes and Nason 34 showed that the Izod unnotched 
impact strength of polystyrene decreased slightly with increasing 
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temperature over a considerable temperature range (Fig. 70), and 
other examples of an almost constant impact strength over a wide 
temperature range have been presented. 35 These experiments 
were made with a falling ball test on a thermosetting resin and on 
cast methacrylate; a \ lb. ball was dropped from increasing heights 
on to a j 3 ,)- X 15 x 20 in. specimen until fracture occurred (Table 
XXXVIII). 

With methacrylate resin 
Burns and Wcrring 36 also 
found that temperature 
had no decisive effect. 

Over the range 75 to 120° F. 
they found that the Izod 
test gave an increase m 
the impact strength with 
increasing temperature 
when notched samples 
were used, but with un¬ 
notched samples the 
opposite occurred. Thus, the existence of plastics whose impact 
strength is nearly independent of temperature over a wide range 
may be regarded as well established. 



Hr, 70 —The impact strength of polystyrene as a 
function of temperature. u 


Tabli XXXVIII. Height to Fracture Rectangular Resin 
Sheets with } lb. Ball 


Temperature, I 

Height, ft 

C ast methacrylate 

Thermosetting resm 

70 

18 

- 

42 

- 40 

21 

42 

0 

21 

45 

32 

18 

36 

70 

18 

33 

120 

12 

18 


Another important feature of the results of Carswell, Hayes and 
Nason 34 is their evidence showing the effect of molecular weight in 
increasing the impact strength of polystyrene. In this respect their 
results are similar to those for polyvinyl chloride-acetate 37 (Table 
II), which show that when the molecular weight is raised both 
tensile and impact strength increase, but the elastic modulus is not 
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greatly affected. Gloor’s experiments 38 also show a marked 
increase in the impact strength as the (viscosity) molecular weight 
increases. He found that plasticized ethyl cellulose and cellulose 
acetates both gave marked increases in impact strength measured 
at — 40° F. as the intrinsic viscosity was increased in the region 
1-0 to 2-5; it is probable that these plastics show a mainly 
Hookean deformation at such low temperatures. Wherever this is 
so the impact strength should be controlled by the quantity \P\E 
and the increase in impact strength with molecular weight will 
follow directly from the known increase in /, provided that any 
changes in E remain small; but there is not much experimental 
evidence showing the effect of molecular weight on Hookean 
elasticity, though the assumption that the changes involved are 
not large seems reasonable theoretically. 

Another consequence of impact strength being controlled by the 
quantity lf 2 /E is that where the fracture strength is affected by 
any given treatment, without the elastic properties of the material 
being altered, the impact strength should always change in the 
same sense as the static strength; in this connection Bartoe 39 has 
measured the flexural strength and the unnotched Charpy impact 
strength of Plexiglas (acrylic) resin for different types of surface 
treatment. If the material is showing largely Hookean elasticity 
we should expect the following relation to hold: 

(Flexural Strength) 2 

Charpy, unnotched impact strength constant 

Bartoe’s results are given in Table XXXIX. It will be seen that the 
theory is, on the whole, supported by the experimental results. 

Impact Strength in Relation to the Highly Elastic Deformation 

It is not necessary that a highly elastic deformation, measurable 
under conditions of slow deformation, should also be capable 
of occurring quickly and therefore of contributing to impact 
strength. Where high elasticity does not contribute to impact 
strength the drop in fracture strength where the polymer softens 
near its transition point will cause a sharp drop in impact strength, 
i.e. as the temperature is raised a point is reached where the impact 
strength suddenly falls. Examples of this type of behaviour are 
given by polystyrene (Fig. 70) and methacrylate (Table XXXVIII). 
Some evidence that D HE does not in fact occur readily at high 



THE IMPACT STRENGTH OF PLASTICS AND GLASS 177 

rates of deformation with plasticized polymethyl methacrylate is 
presented later. A drop in impact strength at high temperatures is 
also characteristic of the thermosetting resins which do not show 
true high elasticity. 

On the other hand, with the cellulose esters and ethers, poly¬ 
vinyl butyral and some other plastics, it is a characteristic and 
valuable feature that the highly elastic deformation does occur 


Table XXXIX. The Bending and Impact Strength of Acrylate Beams 8 


Surface treatment 

Impact 

strength 

ft./lb.(«) 

Flexural 

strength 

lb./in.*(h) 

b* 

106(A) 

Polished to remove scratches .. 

3-2 

13,750 

59 

Belt sander at 45° 

30 

12,800 

54 

Belt sander perpendicular to length 

Belt sander perpendicular to length but 

1-6 

9,530 

57 

coated with plexiglass solution 

2-2 

13,000 

76 

Belt sander parallel to length 

Tension side sander perpendicular and 

3-5 

13,500 

52 

compression side parallel 

1-6 

9,300 

54 

Scratched 0 -100 in. deep 

0-35 

5,350 

84 

Scratched 0 050 in. deep 

0-45 

5,550 

68 

Scratched 0 025 in. deep 

0-67 

6,050 

56 

Scratched 0 020 in. deep 

0-74 

6,100 

50 

Scratched 0 009 in. deep 

1-94 

13,200 

90 


under impact conditions. Naturally, wherever this is so impact 
behaviour will be dominated by the properties of D HE since it 
greatly exceeds the Hookean deformation in magnitude. Thus, 
these plastics show a typically high impact strength which increases 
rather suddenly in the temperature range where high elasticity 
begins to operate. The characteristic properties of such materials 
are illustrated in Fig. 71, taken from the work of Carswell, Telfair 
and Haslanger. 40 The results clearly show the favourable effect of 
increasing the temperature with plastics of the cellulose and acetal 
type; a similar effect can often be obtained by the addition of a 
suitable plasticizer. In Chap. II an analogy was drawn between the 
results obtained by the addition of a plasticizer and the effect of 
raising the temperature. It is therefore in accordance with this 
view that the addition of plasticizer should normally raise the 
impact strength of cellulose plastics. 41 However, exceptions to this 
rule exist, and one of them is included in Table XIV, where the 
addition of a solid toluene sulphonamide plasticizer decreases the 
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impact strength of a cellulose acetate composition. It would appear 
that this substance does not assist the deformation of cellulose 
acetate at high rates of stressing sufficiently to compensate for 
reductions in fracture strength. Thus different plasticizers un¬ 
doubtedly affect strength properties in different ways. In the case 
of low temperature impact strength an investigation of the 



-80 -40 O 40 80 170 160 700 740 

Temperature °C. 

Fig. 71.—The impact strength of various plastic materials. 40 


specific effects of different plasticizers has been carried out by 
Gloor, 38 who found that the impact strength of plasticized 
cellulose acetate at — 40° F. increased as the slope of the viscosity 
temperature curve of the plasticizer diminished. 

However, it should be noted that this observed increase in 
impact strength with temperature is partly due to the fact that most 
of the plastics normally handled are already selected to have a 
certain rigidity. If the temperature were very greatly increased or 
if much higher plasticizer contents were employed, a further in¬ 
crease in either factor would be likely to reduce the impact strength 
through a reduction of the stress a force factor ( P ) of the impact 

product Jp. d(D) (see p. 146). This type of behaviour is shown by 
polystyrene in Fig. 71. 

Another consequence of the properties of the highly elastic type 
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of deformation is that a variation of measured impact strength 
with the velocity of impact is common, and may occur in any 
velocity range. In particular, the reduction in impact strength with 
increasing velocity of impact (negative velocity sensitivity) is 
characteristic. Further, the measured impact strength may be 
either larger or smaller than the energy to break in slow fracture, 
depending on the nature of the solution of the two complicated 
simultaneous equations for fracture and deformation under the 
varying circumstances. In this connection there is a certain 
similarity between the highly elastic deformation of plastics and 
the non-ideal or “plastic” deformation of metals under impact 
conditions. For example, an investigation into the impact 
behaviour of eight metals and alloys carried out by Clark and 
Datwyler 42 shows some effects similar to those assumed for 
plastics in the preceding discussions. They investigated both the 
impact strength (energy absorbed) and the force-elongation curve 
of their test pieces using an oscillograph technique and in this way 
were able to demonstrate the cause of observed changes in impact 
strength. The results showed that maximum stresses were always 
greater in dynamic than in static experiments, and that where the 
impact strength was less than the energy required for slow fracture 
this was due to a decrease in the “plastic” deformation. 


Flexibility, Deformation and Brittle-point Tests 

According to the preceding discussion the impact strength of 
most thermoplastics is largely determined by the extent to which 
the highly elastic deformation occurs under conditions of impact. 
It is, therefore, obvious that a special interest attaches to the 
determination of the conditions, and in particular the tempera¬ 
tures, at which considerable deformations of plastic materials can 
take place quickly. This problem has become of considerable 
technical interest in connection with the behaviour of rubbers 
under sub-zero conditions. As the temperature is lowered the 
rubber gradually reaches a condition where the highly elastic 
deformation does not easily occur and may not take place before 
fracture. The determination of the point where a rubber is no 
longer capable of fast deformation has therefore been made the 
basis of a number of more or less empirical flexibility tests. 

For instance, Selker, Winspear and Kemp 43 have described an 
apparatus in which rubber samples are cooled in a bath of acetone 
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and then subjected to quick flexure. In this way a temperature 
known as the brittle point can be determined, below which the 
sample is broken and above which it can be deformed without 
fracture. Results obtained in this way showed that the brittle 

point was reduced as 
the molecular weight of 
the rubber was in¬ 
creased. For instance, 
a polyisobutylene of 
molecular weight 1,500 
had a brittle point of 
23° C., and with mole¬ 
cular weights above 
10,000 brittle points of 
50-2° C. were recorded. 
Similarly, a polythene 
of low molecular weight 
had a brittle point at 
- 15° C., while a higher 
molecular weight material gave a value of - 68-5° C. 
Similar results have been obtained by Boyer and Spencer 44 
using polymer fractions and mixtures of polyvinylidene chloride 
containing 9 per cent plasticizer (Fig. 72). Other work by 
Kemp, Malm and Winspear, 45 using a completely mechanical 
apparatus whereby the velocity and radius of flexures could be 
varied, has established that both these factors affect the brittle 
point (Table XL). Their figures suggest that the quantity 

d(D H E)l plays an essential part in the brittle-point 

dt J (max) 



Fig. 72.—The brittle temperature of plasticized 
polyvinylidene chloride as a function of 
molecular weight. 44 


measurement. 

It is clear that, with these materials at a given temperature, a 
larger deformation may be given if it is applied slowly. 

This work has been further linked to impact conditions by 
King, 46 who investigated the effect of bending a rubber loop 
slowly (1 to 1-5 sec.) and “instantaneously.” The brittle-point 
temperatures so obtained were compared with the “shatter point” 
where a heavy pointed bar was dropped 3 to 5 in. on a sample 
placed on a flat hardwood surface and the temperature at which 
breakage occurred was found (Table XLI). King also found that, 
in general, addition of a plasticizer caused a lowering of the 
brittle point. 
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The rubbejs concerned are at these low temperatures in a similar 
condition to that of much harder plastic materials under normal 
conditions, where similar effects may be expected. At ordinary 
temperatures the rates of deformation of two soft plastics were 
investigated by Haward, 8 namely: plasticized polymethyl metha¬ 
crylate and cellulose acetate. In particular, he sought an explana¬ 
tion of the fact that the methacrylate showed much the greater 


Table XL. Effect of Rate of Flexure and Radius of Bend on the Tempera¬ 
ture of Brittle Fracture of certain Polyvinyl Compositions 


Speed of application 
of deformation 

Radius of bending 
stress 

Temperature of brittle fracture 

Polyvinyl chloride 
composition 

Polyvinyl 

chloro-acetate 

r.p.m 

cm 

“C 

r C. 

150 

2-54 

- 32-5 

- 70 -5 


3-81 

- 46-5 


75 

2-54 

- 38-5 

- 72 


3-81 

i 

- 51-5 



Table XLI. Comparison of the Brittle Temperature obtained by Different 

Methods 


Material 

i 

1 sec bend 

Instantaneous 

bend 

Shatter point 


c F. 

° F. 

° F 

Neoprene I.L.S. 

- 13 

- 5 

- 3 

Plasticized polyvinyl chloride .. 

- 67 

- 62 

- 58 

Plasticized polyvinyl butyrate .. 

- 49 

- 8 

- 4 

, 


extensibility and energy absorption when deformed slowly, but 
nevertheless had a lower impact strength, in particular giving a 
weaker product in laminated glass. The difference did not appear 
to lie in the breaking properties since the breaking time curve of 
the cellulose acetate could be closely imitated with the metha¬ 
crylate polymer, and each gave a similar limiting fracture strength 
/o at short times. The cellulose derivatives had the advantage in 
taking up a greater maximum energy of Hookean elongation 
(9 kg. cm./sec. to 6 kg./cm./c.c.) but the energies involved were 
small compared with those capable of being contributed by the 
highly elastic process (100 kg./cm. or more). However, analysis 
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of the rate of deformation stress curves (Fig. 73) showed that a 
plasticized methacrylate having a value of / 0 close to that of the 
cellulose acetate deformed more slowly and this difference tended 
to increase at higher stresses; i.e. all the evidence pointed to the 

possibility that [~ —— max was much greater for the cellulose 
L at J/o 

acetate than for the methacrylate and that this was the vital 



log stress, kg,/cm z 


Fig. 73. —Logarithmic plots for the maximum rate of highly elastic strain and 
breaking times against the initial plasticized cellulose acetate and polymethyl 
methacrylate. It is suggested that the breaking time curves correspond with 
a maximum short time fracture stress and this is marked f 0 . Where this stress 
cuts the extrapolated curve for the maximum rate of strain the maximum value 

of —- P HE 1 is indicated. This is higher for the cellulose acetate than the metha- 
dt 

crylate resin. 8 

contribution to its higher impact strength. By using a low velocity 
pendulum and a somewhat larger quantity of plasticizer in the 
methacrylate it was possible to construct a tension impact experi¬ 
ment where the highly elastic deformation of the methacrylate did 
occur and a higher energy absorption was found than with the 
cellulose acetate. Once also, a changeover was observed with the 
methacrylate from tough to brittle rupture as the velocity was 
increased. These results are shown in Table XLII. 

The views of Haward are in general agreement with those of 
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Boyer and Spencer. In two recent publications 44 - 47 they define the 
brittle point or brittle temperature as “that temperature at which 
the time interval required by the sample to undergo the necessary 
deformation is just equal to the time interval of the test method.” 
It will be clear that this definition is fully consistent with the 
views of Haward, but Boyer and Spencer give a different explana¬ 
tion of the effect of a variation in molecular weight. In their 
opinion the effect of increasing molecular weight is to increase the 

Table XLII. The Energy Absorption in kg.cm./cm 2 of Materials suddenly 

EXTENDED AT DIFFERENT VELOCITIES 


Energy absorption for material named 


Initial rate of 
strain 

Plasticized 

cellulose 

acetate 

13° C. 

Plasticized polymethyl methacrylate 

Celluloid 

16° C. 

25% dibutyl 
phthalate 

12° C. 

31-5% dibutyl , 
phthalate 

8-9 w C. 

1 31-5% dibutyl 
phthalate 

14° C. 

62 sec. -1 

160 

10-20 

230 

_ 

133 

93 sec.- 1 

130 

10-20 

170 

260 

116 

180 sec. -1 

— 

— 

20 

260 

84 

250 sec. -1 

130 

— 

20 

250 

84 


limiting deformation at unit stress according to the theoretical 
relation of Mark and Kuhn, 48 namely: 

D„ t{xi] — M/1 RTp (where p is the density). 

Thus raising the molecular weight raises D HEM and so allows 
a specified deformation to take place at a lower temperature. On 
the other hand, according to the experimental evidence presented 
in Chap. IV, the deformation of plastic and rubber-like materials 
at a given stress does not increase with molecular weight, as 
ordinarily understood, but rather the opposite. In their investiga¬ 
tions on the effect of molecular weight and molecular weight 
distribution on the mechanical properties of a styrene-butadiene 
rubber Kemp and Straitiff 49 found that an increase in the molecular 
weight could lead to an increase in the measured elastic modulus 
by a factor as large as 4, i.e. with this material the deformation of 
a high molecular weight polymer by a given stress would be one 
quarter of that for a polymer of low molecular weight. In the 
author’s opinion, therefore, the lowering of the brittle point 
brought about by the raising of the molecular weight is to be 
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explained by the increase in the stresses at which fracture occurs, 
and the consequent increase in the effective values of both D HE 
and d D HE jd t, or more strictly the product of these quantities 
and the stress by amounts which more than compensate for a 
smaller increase in the stresses required for a given deformation. 
However, if by molecular weight is meant the length or weight of 
the free chain between cross-linkages in a highly vulcanized rubber 
the circumstances are very different and the same difference of 
interpretation does not arise. 

Where the capacity of materials to deform quickly is the main 
feature determining their impact strength, and resistance to rough 
usage, the determination of the maximum velocity of deformation, 
or of a velocity related to it may be a good method of measuring 
impact strength. This point of view has been supported by Myers, 50 
who developed the flywheel for making measurements on plastic 
sheeting (Plate XI (/■>)). In this method the velocity of the flywheel is 
increased until a speed is found at which five out of ten strips are 
broken when struck by the revolving hammer head under standard 
geometrical conditions (0-100 in. clearance, sheet 0-020 in. thick). 
It is probable that both ideal and non-ideal elasticity contribute to 
the result obtained by Myer’s technique (as they do under impact), 
but the contribution of even the ideal deformations may be 
restricted where comparatively high velocities are used (up to 
54ft./sec.), and the forces associated with WEp will not be 
negligible. 

The velocities measured by Myers are definitely temperature- 
sensitive, the increase being typically 2 to 4 times for a rise of 
25° C. Myers shows that there is little relation between his 
velocities and the results of a notched Izod test (except apparently 
for materials having very low impactometer velocities) and 
considers that the velocity method shows the best correlation with 
service experience. Undoubtedly these results show up important 
properties of the materials but service conditions are not all the 
same and it may well be that flexibility (capacity to deform quickly) 
of plastic sheeting may be of greater importance than the energy 
of deformation. Myers’ experiments represent a further extension 
of the brittle point type of deformation test to plastic materials at 
ordinary temperatures. 

In general, the evidence obtained in brittle point measurements 
is clearly less complete than information about the whole stress- 
strain curve under dynamic conditions. Recently an increasing 
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amount of work has been published concerning such methods of 
investigation in connection with the testing of metals; some of 
these papers have been summarized by Morey 4 but the techniques 
concerned have not yet been widely applied to plastic materials. 


Velocity Sensitivity in Impact Strength 

The impact strength of any material is a function of the velocity 
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F 1G . 74.—Impact strength as a function of the velocity of the striker for ebonite. 51 


of testing. An example was given in Table XL1I of negative 
velocity sensitivity, i.e. a decrease in energy absorption with 
increasing velocity at low rates of impact, and another, taken from 
the work of Callendar, 51 is given in Fig. 74. There seems no 
theoretical difficulty in ascribing these changes to the existence of 
a time-dependent deformation, though the connection is not 
established. However, such factors can hardly account for the 
positive velocity sensitivity occurring with the filled ebonite C in 
Fig. 74, with the various materials examined by Bailey, 1 or in the 
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filled phenolic resins investigated by Nason et al . 33>52 which rose 
from 2-3 to 3-1 ft.-lb. with a velocity increase of 10 to 60ft./sec. 
The cause of such increases in impact strength with increasing 
velocity cannot be satisfactorily settled at the present time, but a 
number of possible sources of energy absorption suggest them¬ 
selves: 

(1) The Time Factor must be expected to operate in all cases where 
no real upper limit of fracture stress occurs, but the magnitude of 
the effect to be expected is necessarily somewhat hypothetical since 
not much is known about the variation in fracture stress with 
time at such short times. On the other hand it does not seem that 
very large changes are to be anticipated since we are dealing only 
with the relatively small changes in fracture time at different 
velocities of impact, and not with the large time differences 
involved in the analogy between impact and static testing. 

(2) The Weight Factor can operate to cause positive velocity 
sensitivity wherever the mass of the striker is reduced for the 
purpose of high velocity measurements. For the theory to operate 
in Cox’s form 9 the energy losses in the redistribution of kinetic 
energy on collision must be taken up somewhere, e.g. by deforma¬ 
tion at the point of contact. 

(3) Frictional Effects. Where there is an appreciable energy 
uptake due to tearing and frictional processes these can be 
visualized as taking up more energy at high velocities. 

(4) Izod Tests. Where the experiment is so arranged that the 
test piece is broken at a point remote from the point of contact 
with the striker, vibrational factors can lead to a greater absorption 
of energy at high velocities. The effect of increasing the velocity 
of impact will be to increase the energy absorption about the 
point of contact with the striker, while the stresses and energy 
absorption round the notch or point of fracture remain the 
same. 

(5) Non-ideal Deformations. Although the role of the highly 
elastic and other deformations in causing negative velocity sensi¬ 
tivity is emphasized, so little is known about the relations between 
fracture and deformation at high velocities that the possibility of 
effects in the opposite sense is not excluded. 

In general, the only conclusion that can be drawn with regard 
to positive velocity sensitivity is that the factors concerned seem 
to be mostly of a gradual nature, and that very drastic cases of 
positive velocity sensitivity are hardly to be expected with simple 
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materials. This generalization agrees with the present evidence as 
far as it goes. 

Where plastics are largely subject to Hookean deformations we 
might expect them to show a negative velocity sensitivity similar 
to glass. To test this point some experiments have been carried out 
by Haward 52a [Fig. 75 (a) and (6)]. They were made by dropping 



Fig. 75 (a).—The energy required to fracture a square of “Perspex” (polymethyl 
methacrylate) by a falling object. Experiments A and B were made with a heavy 
ball and bolt respectively, thus giving a very different radius of curvature in 
contact with the test piece. 52 " 

a steel ball or bolt on to a plastic square from an increasing 
height until fracture occurs. It will be seen that with 12 x 12 x £ in. 
Perspex squares a reduction in energy to fracture occurs in a 
velocity region of 1,000 cm./sec. where VVEp = 200 kg./cm 2 ., 
comparing with a static tensile strength of 630 to 760 kg./cm. 2,53 
but that with 6 x 6 x i in. squares this fall in energy to fracture 
only sets in at a higher velocity. The more drastic character of the 
effect with larger test pieces is in agreement with the experimental 
results for glass, and it would appear that the final working out 
of the mode of action of the impulsive or vibrational forces in 
simply supported squares will normally involve the dimensions 
of the test piece. At high speeds the values for the two types of 

t 
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square approach each other, i.e. the parts of the specimen remote 
from the point of impact play relatively little part in resistance to 
high velocity impact under these conditions. With the more brittle 
styrene sheet the reduction in energy to fracture set£ in at lower 
velocities than with Perspex, and according to this method of 
investigation it therefore shows properties intermediate between 
Perspex and glass. 

All these materials show some positive velocity sensitivity at 



Fig. 75 (b ).—The energy required to fracture “Perspex” and polystyrene squares. 52 " 


low velocities, and the results emphasize that this is not a good 
indication of behaviour at high velocities. It follows that where 
a material is to be used in circumstances where high velocity 
impact is likely to occur the standard Izod test at 11 ft./sec. 
(340 cm./sec.) cannot be regarded as reliable. 


Bullet Impact 

There is little published material on the subject of bullet impact; 
it should be realized that bullet velocities are a factor of 10 or 
more above those just mentioned as high velocity impact, and 
that the greatest care must, therefore, be used in relating them 
to any data at ordinary velocities. Further, a different criterion 
of failure is commonly used with projectiles; a material may be 
regarded as having failed if it is cracked under an impact test. 
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but with a bullet success is often judged by whether the bullet is 
stopped. This naturally leads to the development of specific 
materials. For example, two composite materials containing glass 
or glass-like components have been used with success, namely, 
certain types of laminated glass and the “plastic armour and pro¬ 
tective plating” described by Lawrie. 54 The latter was made by 
incorporating 70 per cent of flint or quartzite gravel in a mixture 
of pitch, lime and sawdust; it was superior to steel armour plate 
in resistance to shell splinters at 5,000 ft./sec., but inferior, on a 
weight for weight basis, for splinters at 1,500 ft./sec. A laminated 
glass bullet-proof window capable of stopping a perpendicular 
impact from a • 303 in. armour-piercing bullet at 2,400 ft./sec. is 
illustrated in Plate XII (a). 

The effect of a bullet on two plastics is illustrated in Plate XIII 
with photographs taken from the work of Axilrod and Kline for 
the plastics. 32 The former showed that the amount of shattering 
was very different with cellulose acetate and vinyl chloride-acetate 
copolymer. Also, in some cases the cracking effect with the cellulose 
acetate was interestingly larger with the lower velocity projectiles. 
Preston 55 has investigated bullet impact on glass and was con¬ 
cerned to illustrate the shattering of glass characteristic of bullet 
impact and to establish that bullets do not make neat circular holes 
through glass such as would imply rupture under shear. He showed 
that the hole left by the bullet was invariably surrounded by a 
chrysanthemum-like texture of cracks, more pronounced with 
thicker glass, which could be regarded as the results of super¬ 
imposing radial cracks formed under bending tension on top of 
the Hertzian “cone” type of break. 


Pendulum Impact Strength and Energy to Fracture 

The distinction between the energy required just to fracture a 
test piece, generally referred to as the “energy to fracture,” and 
that given as the result of a Charpy or Izod pendulum test, where 
separation of the broken half occurs, has already been mentioned; 
and Lamb 56 recognized at an early stage that the energy to fracture 
must be considered in relating impact experiments with the known 
elastic properties of materials. More recently a number of papers 
have been published which go further and argue that measure¬ 
ments of the energy to fracture constitute the best method of 
estimating impact behaviour under service conditions. 51 ’ 57 This 
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point of view is supported by the obvious consideration that a 
cracked article is of no further use. 

A method of measuring the energy to fracture by dropping a 
slider on to a supported beam of a plastic material was investigated 
by Callender, 51 who tested the method of applying a gradually 
increasing blow by using 5 and 10 cm. increments in the drop on 
a single test piece, and comparing the results obtained in this way 
with those in which only a single blow was given to each test piece 
(Table XLIII). His figures show that this type of experimental 
procedure does give consistently significant results. 


Table XLIH. Impact Strength by Single Blow and Increasing Blow Methods 


Material 

Increasing blow results 

Single blow 

No. of tests 

5 cm. 

increments 

10 cm. 
increments 

Moulding ebonite C 

Bitumastic composition with cotton 

0-49 

0-51 

0-50 

40 

filler A. 

— 

0-87 

0-88 

30 

Inferior sample B. 

0-39 

0-41 

0*42 

40 

Moulding ebonite D 

0-57 

0-62 

— 

20 

Pure ebonite sheet E 

— 

118 

1*24 

70 

Best filled ebonite D 

— 

1 29 

1 -32 

70 

Filled ebonite E. 

— 

0-62 

0-61 

70 


In other measurements of the excess swing type designed to 
estimate the “broken half” error, i.e. the energy absorbed in 
projecting the broken end of the test piece, both Callendar 51 and 
Telfair and Nason 67 employ a separate experiment with the broken 
end of an Izod test piece to show that the energy used up in 
moving it with the normal Izod test can be important, particularly 
with weak materials. Telfair and Nason compare the results from 
an ordinary Izod test with those obtained when the pendulum 
has only a small excess swing, i.e. when the “broken half” error 
is small but when the impact strength includes the energy required 
to tear and separate the pieces. Some of their results are given 
in Table XLIV. . 

Telfair and Nason consider that the energy to fracture method 
is justified by the fact that the wood flour-filled resin is found to 
be better than the asbestos-filled material, a result in accordance 
with experience. 
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It can be seen that a substantial case can be made out in favour 
of the energy to fracture test, particularly with materials of low 
impact strength, such as mineral-filled phenolics, and it is of 
interest to note that with these Hazen 6 also found that the Izod 
test was unsatisfactory, and that the static measurement of energy 
to break was borne out in use. 

It would, therefore, appear advisable to consider the results of 
energy to fracture tests together with the ordinary notched Izod 
measurements in any new application of a plastic material unless 

Table XLIV. Results of differing Impact Tests with Moulded Phenolic 

Materials 


Method 

Wood flour 
filled 

Asbestos 

filled 

Chopped canvas 
filled 


ft.-lb. 

ft.-lb 


Standard Izod test. 

0-263 

0-265 

2-94 

Energy to throw end 

0-190 

0-235 

0139 

Energy to fracture by method of 




increasing blow. 

0-099 

0-060 

1-41 

Small excess swing. 

0-134 

0-082 

2-77 


there is a reason to the contrary, say, if the work required to tear 
the material apart must be included in the result, or if a good 
relation between Izod results and service conditions has already 
been established. However, a criticism of the experimental method 
used by Telfair and Nason for estimating the energy of the broken 
half has been advanced by Werring 58 as follows: “In the actual 
Izod test the broken half will owe part of its kinetic energy to the 
recoverable elastic energy stored up in it during deformation and 
this will constitute a true part of the impact strength.” However, 
this element will be lowest with materials of low impact strength, 
and so the work of Callendar and Telfair and Nason seems 
qualitatively justified. On the other hand, by using a loaded test 
piece, Werring showed that the thrown end had little effect in 
an unnotched Izod test (with large energy absorption); with 
notched test pieces, although a genuine effect is undoubtedly 
present, it is not accurately measured by separate experiments with 
the broken half. Films showed that the trajectory of the thrown 
end depended on the way it was restrained at the bottom, as well 
as on the velocity of the striker. 
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Effects of Notching in Impact Tests 

The use of notched specimens in impact testing has been wide¬ 
spread in the metal industry, and is widely accepted with plastics. 
Two points are well established. Firstly, the introduction of a 
notch always modifies and nearly always reduces the impact 
strength of plastic test specimens (Fig. 76). Secondly, experiments 



Fig. 76.—Pendulum impact strength in relation to the depth of notch. 51 


with notched test pieces give different results and may arrange 
materials in a different order of merit to that given by unnotched 
samples (Tables XLV and XLV1). 36 Lesser differences between 
materials may be introduced by qualitative differences in notching. 
From such well-established observations it is concluded that 
although an energy is measured each time, the various factors 
leading to the absorption of energy are not weighted in the same 
manner in the two methods. 

In discussing the theory of impact it is desirable to consider 
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the simplest conditions which require us to work with geometrically 
simple unnotched specimens. These limitations may be serious 
from the practical angle, since our understanding of impact testing 
has not reached the point where the behaviour of a material is 
generally predictable. In particular, many articles in service do 
in fact contain points of stress concentration corresponding more 


Table XLV. Illustrating the Lack of Relation between the Results of any 
Single Impact Test on Standard Test Specimens of Four Phenolic 
Materials and Results of Tests of the Completed Apparatus fabricated 
on the same Material 


Material 

Standard 
A.S.T.M. 
notched j 
Izod 

Unnotched 
bar Izod 
(standard 

A S.T.M. 

except 

unnotched) 

Increasing 

blow. 

notched Izod 

Increasing 

blow, 

unnotched 

Izod 

Unnotched 

Charpy 

Strength of 
telephone 
apparatus as 
determined by 
height of fall 
necessary to 
break 


ft.-lb. 

ft -lb. 

in.-lb. 

ft.-lb. 

ft.-lb. 


A 

0-247 

0-829 

1-5 

6-3 

1 • 145 

60 

B 

0-189 , 

0-735 

11 

6-3 

1035 

60 

C 

0-235 

0-584 

1-4 

5-0 

0-925 

45 

D 

0* 140 

1 

0-619 

1 

10 

6-2 

0-971 

30 


Table XLVI. Strength Relations of Three Commercial Thermoplastics 


Material 

Standard 
A.S.T.M. 
notched 
bar izod 

Unnotched 
barIzod 
(Table III) 

i 

Increasing 
blow, 
notched 
bar Izod 

Increasing 
blow', 
unnotched 
barIzod 

Unnotched 
bar Charpy 

Flexural ! 
strength 

Modulus of 
elasticity 


ft.-lb. 

ft.-lb. 

in.-lb. 

in.-lb. 

ft.-lb. 

lb./in. 2 

lb./in. 2 

A 

0-144 

0-509 

110 

5-75 

0-634 

6,400 

487,000 

B 

0-342 

0-917 

2-20 

8-86 

1-292 

5,900 

271,500 

C 

0125 

1-720 

1 00 

16 6 

2-523 

13,850 

— 


to notched test pieces than unnotched ones, and experience may 
confirm the predictions obtained from notched bar testing rather 
than those given by the more simple types of experiment. Such 
an example is given by Burns and Werring 36 for a series of impact 
tests on hard rubber test pieces as used in telephone parts. The 
results (Table XLVII) suggest that the two notched tests are closer 
than the unnotched experiments to experience in use. Bums and 
Werring decided that the notched bar is the most valuable single 
test, but they also concluded that for broad application of any 
material requiring high impact strength the consideration of the 




Table XLVII. Strength Ratings of Hard Rubber as indicated by Impact Tests and Experience 
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results of more than one type of test is desirable, and, in particular, 
they mentioned the notched and unnotched Izod and Charpy 
tests, and flexural strength tests. 

It is well recognized that the major effect of a notch is to cause 
a region of high stress concentration in the material, so that 
rupture is readily initiated when the stresses in the body of the 
plastic is well below the breaking point. 

The initial stresses occurring in typical Charpy and Izod tests 



have been established by Coker and Filon, 59 from whose work 
two examples are given in Fig. 77, and these represent the state 
of affairs before substantial deformation takes place. The stresses 
are also markedly dependent on the radius of the bottom of the 
notch (Fig. 78) and the parallel changes in impact strength may 
be illustrated from the work of Callendar (Fig. 79). 

At first the reason why notches generally reduce impact strength 
may seem clearly established, but it might be expected that the 
order in which materials are arranged would not be altered, and 
that impact measurements could never be increased. In practice, 
both these phenomena may be observed, though increases in 
impact measurements seem to be confined to certain laminated 
materials whose mode of rupture may be very complicated. 
However, apart from such exceptions, it has been shown by 
Shinn 60 that complex materials like laminated phenolic resins and 
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impregnated woods are in general less notch sensitive than simple 
thermoplastics like cellulose acetate or polymethyl methacrylate. 
Another general cause of difference in arrangement with notched 
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Fig. 78.—The maximum stress as a function of the radius of the notch. 59 



Fig. 79.—The effect of notch radius on impact strength. 51 
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materials has been emphasized by Coker and Filon. 59 With ductile 
plastics, i.e. materials showing high values of D HE and D vliC under 
conditions of impact, the influence of the notch in maintaining 
a high local stress will decline in the progress of the test since the 
radius of curvature will be increased during the deformation, but 
with brittle materials the high local stresses remain. According 
to this view the effect of deformation at a notch may be far more 
drastic for the behaviour of the test piece as a whole than the 
actual energy absorbed in the small volume concerned would 
suggest. In such cases no theoretical treatment of energy absorption 
in terms of the original shape of the test piece is valid, and this 
greatly increases the difficulties of predicting behaviour under 
impact from the known properties of a material. However, it 
seems to follow that where two simple materials have the same 
unnotched impact strength the one having the lowest modulus of 
elasticity (strictly speaking for short times and high stresses) 
should be the least notch sensitive, a conclusion in agreement 
with the values for the two elasticities and the impact strengths 
in Table XLVI. The observations by Burns and Werring 36 that 
the notched impact strength of methacrylate resin increases with 
temperature, and the unnotched test decreases, falls readily into 
the same picture, and agrees with the conception of notched tests 
giving greater weight to the deformation element which increases 
at higher temperature. 

A further effect of the notch which may be of particular impor¬ 
tance in the case of the irregular notches which occur in practice, 
has been mentioned by Alfrey. 60 " In such cases there will be a 
concentration of stresses along more than one axis and this will 
lead to further variations in fracture behaviour. Although not 
much is known about the behaviour of plastic materials under the 
action of such combined stresses in different planes there is cer¬ 
tainly no reason to believe that the changes involved will be 
negligible. 

Repeated Blows 

When subjected to repeated blows plastic materials are broken 
with an energy less than that required to fracture in a single blow. 
That the effects concerned are not large enough to interfere 
seriously with the accuracy of the increasing blow “energy to 
fracture” test was established by Callendar, 51 who also showed 
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that two blows at 80 per cent of the breaking energy do not 
seriously reduce the impact strength of various ebonites. The same 
problem was also investigated by Field, 61 who estimated the 
impact which various plastic materials would withstand “an 
indefinite number of times” as a fraction of the single blow 
impact strength (Table XLVIII). 


Table XLVIII. Impact which certain Plastics will withstand indefinitely 
as Per Cent of single blow Impact Strength 


Material 

Energy fraction 

Acrylate, injection moulded . 

% 

60 

Acrylate, cast . 

41 

Polystyrene. 

40 

Phenolic compound, compression moulded . 

27 

Hard rubber. 

22 

Cellulose acetate butyrate, injection moulded, different samples 

3-6-10 

Nylon, injection moulded 

58 

Phenolic laminate, paper base 

50 

Phenolic laminate, fabric base . 

45 


The figures in Table XLVIII indicate the range of results to be 
expected, but it must be appreciated that these are likely to depend 
on the conditions of test. For instance, where a series of impacts 
are repeated very quickly the plastic is likely to be heated up, 
and there will be variation in its properties. 


Energy Absorption without Rupture—Damping 

The occurrence of non-ideal types of deformation, with the 
consequent degradation of kinetic into thermal energy, is of vital 
importance in applications where the material is liable to be 
exposed to sudden vibrational stresses. Here a material showing 
elasticity wholly or mainly of the Hookean type is liable to show 
resonance phenomena, leading to a vast amplification of vibra¬ 
tional stresses under favourable conditions, so that the article 
may be damaged by the resulting accumulation of energy. Where 
non-ideal deformations occur under low or medium stresses there 
will be a hysteresis loop in the stress-strain curve whose area will 
be a measure of the damping capacity of the material. 

These properties have been discussed by de Bruyne 11 and by 
Lazan and Yorgiadis, 62 who emphasize the advantages of laminated 
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plastics over steel in this respect (Fig. 80). The capacity of damping 
vibrational stresses has been measured by de Bruyne in terms of 
the energy absorption in torsional oscillation (Table XLIX), and 



' -1-1 I I I I I I 1 1 

0 0*2 0‘4 0'6 0>8 VO V2 V4 16 IS 2 0 

Frequency/ c v 0 


Fio. 80.—The relative behaviour of steel and a reinforced plastic (“aerolite”) when 
subject to vibrations under resonance conditions. 11 

by Lazan in terms of a resonance amplification factor, i.e. the 
amplification of a vibrational stress under conditions of resonance; 
these terms are inversely related. Both workers also investigate 
rupture under oscillating stresses; de Bruyne shows that these 
stresses are not appreciably more dangerous with his plastics than 
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steady loads, and Lazan concludes in addition that high damping 
capacity is not necessarily associated with low fatigue strength. 
Clearly these properties will also affect the transmission of shock 
waves through a plastic material by reducing their intensity at 
points distant from the point of origin, and so give rise to differ¬ 
ences in behaviour under high velocity impact with materials 
having different damping capacity. This will apply particularly 
where fracture occurs at a distance from the point of contact with 
the striker. 

Table XLIX. Energy Absorption Measurements from 
Torsional Oscillation 11 


Material 

Energy absorption 

Bakelite—fine fabric reinforcement 

% 

24 

Bakelite—cord reinforcement 

20 

Bakelite—paper reinforcement 

18 

Mahogany and walnut . 

12 

Zinc. 

11 *7 

Aluminium. 

11 

0-9% carbon steel. 

017 

Nickel. 

0 021 


Resilience 

A problem exactly opposite to that of damping is resilience, 
which arises particularly in the case of rubbers. It may be measured 
by the rebound of a pendulum which is allowed to fall on a 
specimen of the material in question 63 and is therefore similar 
to the so-called “rebound hardness” mentioned in Chap. V. If 
a rubber is tested initially at a very low temperature and the tem¬ 
perature is then raised, the resilience normally goes through a 
minimum where the highly elastic deformation occurs but is not 
readily reversed. This corresponds to the region where there is a 
maximum in the time factor as shown on pp. 98, 100. 
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CHAPTER VII 


SOME CHARACTERISTIC PROPERTIES 
OF COMPLEX MATERIALS 


fundamental disadvantages of many thermosetting plastics lie 
in their relative weakness in tension and their somewhat low impact 
strength. These deficiencies are commonly overcome by combining 
them with a reinforcing material in such a way that the tension and 
impact properties are improved while the rigidity and permanence 
of the resins are retained. Such products furnish the most typical 
examples of the reinforced and laminated plastics. Naturally there 
are some very important differences in the behaviour of single 
homogeneous materials and those where several distinct sub¬ 
stances are combined together to give a complex product. 

The reinforcement of the laminated plastics has a definite 
structure, and the resultant materials may be highly anisotropic, 
so that a marked variation in all mechanical properties is to be 
observed depending on the direction in which they are measured. 
Many consequences follow from this characteristic: the theoretical 
analogy between tensile and bending strength will not always apply 
even where bending takes place in accordance with elementary 
theory; also variations in elasticity between bending and tension 
are to be expected. A few simple theoretical cases will be considered 
which serve to illustrate the nature of some of the problems, though 
the assumed conditions are not necessarily capable of precise 
realization in practice. However, where experimental evidence is 
available, it is presented. 

Bending of a Rigid Composite Beam 

Let us consider a rectangular beam rigidly constructed from 
two materials having the same bending and tensile strengths f 
but with moduli of ideal Hookean elasticity E and 2 E, the beam 
being constructed so that the centre half consists of the stiffer 
material (Fig. 81). This beam is now assumed to be simply sup¬ 
ported at the ends and broken under flexure in position A as 
shown. The stress is applied perpendicular to the layers, and the 
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beam is assumed to bend rigidly in one piece according to the 
simple theoretical relations, so that the strain at any plane is 
proportional to the distance from the central plane of the beam. 

Under these conditions the maximum strain in the inside beam 
will be half that in the outer beam, but since the elastic modulus 
is assumed to be twice as great the maximum stresses will in each 
case be the same, i.e. at the moment of rupture the inner and outer 



Illustrating the bending of a rigid composite beam. 


beams will break simultaneously. It follows that the normal force 
P required for rupture, which would be 2/M 2 /3/ for either material 
alone where b and h are the breadth and thickness of the beam, 
now becomes equal to: The force required to break the whole 
assumed to be made of the outer material only plus force 
required to break the central half of the beam as it actually is 
minus the force required to give the same deformation to the 
central half of the beam if it were made of a material of elasticity E 


2fbh 2 

31 


(1 + i - i) 


i.e. the force required to rupture and hence what would be 
measured as the “bending strength” of the composite beam is 
increased to 9/8 of that of either of the two materials broken 
separately. 

On the other hand, if the same beam were rotated through 90° 
(position B) and again broken under flexure (Fig. 82), or if it were 
rigidly held at each end and broken under tension, the more rigid 
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material would break first and the complex beam would be weaker 
than either of the two materials broken separately. 

Complementary to this example is that where the two materials 
are assumed to have the same elasticity but different bending 
strengths. The deformation of the ideal rigid beam will be un¬ 
affected by the arrangement of the materials but the bending 
strength will depend on which of the two materials is exposed to 
the greater stress. Thus, if the weaker material is inside the beam 
will be relatively strong in bending in position A and if it is out¬ 
side the beam will be weak, but if the beam is stressed in position 
B it will tend to be weak and will always have a strength less than 
the weighted average for the two materials. 

Naturally few materials correspond in their properties to these 
arbitrary limitations, and elastic modulus and bending strength 
are generally found to be roughly parallel properties that cannot 
be independently varied. However, opportunities for testing the 
above theories may well exist among the many materials available. 
Should some materials be found where the ratio of bending strength 
to Hookean elasticity is constant we should expect approximately 
average values of the bending strength to be measured for lamin¬ 
ated beams in position B. 

The above theories are at present without direct experimental 
backing, but some experiments with composite plastic beams have 
been carried out by Jacobi,' which illustrate some of the pheno¬ 
mena concerned, although no measurements were made on the 
elasticity of the materials. Jacobi took a laminated beam made of 
two materials and investigated the strength in different positions 
as a function of the proportion of each constituent in the beam 
(Fig. 83). It will be seen that when the stronger material is on the 
outside of the beam the results in position A [Fig. 83 (d)] arc above 
the average line for proportionality between strength and com¬ 
position while the opposite occurs when the weaker material is 
outside [(Fig. 83 (/>)]. In the B position [(Fig. 83 (a) and (c)] the 
measured strengths are always less than would correspond with 
linear dependence. But with a different combination of materials 
Jacobi obtained results much closer to proportionality in position 
B, as would be expected if the materials had similar ratios of 
bending strength to elasticity (or similar deformations at break); 
however, he found that these beams when broken in position A 
gave results generally similar to those shown in Fig. 83 (b) and (d). 
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Fig. 83.—The bending strength of composite beams. “In these tests the upper and lower faint lines represent maximum and 

values and the heavy lines the average of a number of tests.” 17 
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Behaviour of a Beam consisting of a Rigid Solid joined by a thin 
adhesive layer of a softer Material 

This problem is considered solely in relation to the A position 
(Fig. 81) with the thickness of the inner layer initially neglected. 
We can consider an extreme example where the inner layer behaves 
in a relatively rigid manner, or another where it behaves as a liquid 
that allows the inner surfaces of the outer beams to slip freely in 
relation to each other. 

(1) If the interlayer is thin and relatively rigid the whole will 
behave as if it were made of the outer materials alone. 

(2) If the interlayer is so soft that it allows for the free motion 
of the two outer sections the beam will deform as if it were two 
separate beams of half the thickness and will bend according to 
the relation 


PP PP 

deformation = J J 

where h is the total thickness and b the width of the composite 
beam. 

Further, since the bending strength involves h 2 the beam with 
the softer inner layer will be weaker and the theoretical variation 
in the bending strength will be from / to //2. 

Experimental evidence is available for laminated glass beams of 
this type, whose deformation has been measured by Haward. 2 
Results obtained for the bending of beams contained a cellu¬ 
lose acetate (hard) and vinyl butyral (soft) interlayer and the 
results were compared with simple glass beam samples of varying 
lengths (Table L). 

These results show that with the stiffer interlayer the beam bends 
approximately as a whole, giving an elastic modulus close to that 
of sheet glass, but with the softer vinyl interlayer the apparent 
modulus of the beam is reduced. If we allow for the thickness of 
the interlayer the apparent modulus would be expected to fall to 
142,000 kg./cm. 2 for both beams bending separately—a prediction 
in good agreement with the observed results. However, it is clear 
that complete freedom of movement for the two sections of the 
beam occurs only with short beams, even with vinyl interlayer, 
and it seems probable that larger deformations of the interlayer 
are required with the longer beams for full independence of the 



SOME PROPERTIES OF COMPLEX MATERIALS 209 

upper and lower parts, so that stresses are set up which restrict the 
freedom of movement of the upper and lower halves. 

Theoretical complications are introduced into the bending 
strength of laminated glass, because where both sections of the 
beam are stressed there is a greater probability of one of them 
containing a particularly weak flaw. This problem is analogous to 
that of the strength-area relation considered by Bailey (Chap. III). 

Table L. “Young’s Modulus” in Bending for Glass and 
Laminated Glass Beams 


Material 

Length of 
beam 

Width 

Thickness 

E 

i.e apparent 
modulus from 
bending equation 


cm 

cm. 

cm. 

kg./cm 2 

Sheet glass. 

60 

2-55 

0 397 

730,000 


45 

2-55 

0-397 

700,000 


30 

2-55 

0-397 

690,000 

Acetate laminated glass 

90 

2-55 

0-473 

690,000 


60 

2-55 

0-473 

720,000 


45 

2-55 

0-473 

680,000 


30 

2-55 

0-473 

670,000 

Vinyl butyral laminated glass 

90 

2-45 

0-434 

480,000 


60 

2-45 

0-434 

360,000 


45 

2-45 

0-434 

310,000 


30 

2-45 

0-434 

240,000 


22 

2-45 

0-434 

190,000 


16 

2-45 

0-434 

170,000 


However, it can safely be predicted that the bending strength of 
laminated glass with the softer interlayers is likely to be less than 
with harder interlayers, and this is in agreement with the figures 
given by Watkins 3 which place the bending strengths in the order 
of the elastic constants of the interlayers (Table LI). Some am¬ 
biguity surrounds the term “elastic constants” here, but the 
differences are so large that the right arrangement of the materials 

Table LI. Bending Strength of Plate Glass and Laminated 
Glass having different Types of Plastic Interlayer 


Material 

Bending strength 


lb./in . 2 

Plate glass . 

7,500 

Celluloid laminated plate . 

6,500 

Cellulose acetate laminated plate 

6,000 

Vinyl butyral laminated plate 

5,000 
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would be obtained with the most approximate methods of 
measurement. 

Some experiments carried out by the author on cellulose acetate 
and polyvinyl butyral laminated glass beams x i x 12 in.) 
suggested that the difference in bending strength could be rather 
larger than that found by Watkins; it was found that the cellulose 
acetate glass gave a value of 6,500 and the polyvinyl butyral only 
4,500 lb./in. 2 

Expanded Plastics 

If two separated beams are conceived to deform as if connected 
by a rigid material their resistance to deformation will increase as 
their distance apart is increased. So, where rigidity and lightness 
are desired the existence of air pockets within a body may be of 
help so long as the material continues to move as a single piece. 
For certain special purposes, therefore, the so-called expanded 
plastics of cellular structure have been developed [Plate XIV (£>)]. 
To give an improved surface and a further increase in rigidity 
they may be veneered with plywood, asbestos sheet or other plastic 
materials 4 [Plate XIV (a)]. The low density, high strength/weight 
ratio, and rigidity of such products gives them particular impor¬ 
tance in aircraft construction, but they have a number of other 
properties useful in other applications, such as low thermal con¬ 
ductivities and permanent buoyancy. The mechanical properties 
of these materials depend on the resin used, expanded polyvinyl 
formal being generally stronger than phenolic or polystyrene 
products. However, polystyrene can be used at the lowest densities, 
and values of p = 0 • 02 to 0-03 have been obtained with this 
resin. 5 

The best known light material is Balsa wood, which was used, 
together with birch plywood, in the Mosquito aircraft. How¬ 
ever, according to Rheinfrank and Norman, 6 the U.S. Army Air 
Force considered wood a marginal material for combat aircraft 
under extreme weather conditions, and they showed that suitable 
properties can also be obtained with various expanded and 
reinforced cellulose derivatives. Core materials with a honey¬ 
comb type of structure have been used for the low density con¬ 
stituent, and these are claimed to give a good combination of 
lightness and rigidity. 7 Naturally, the development of these and 
other materials for special purposes render a proper understand- 



SOME PROPERTIES OF COMPLEX MATERIALS 211 

ing of their application the more important, especially in aircraft 
engineering. 8 

On the more theoretical side Garrard 9 has recorded the variation 
in tensile and compressive strength of expanded ebonite with the 



Fig. 84.—A tensile strength density curve for expanded ebonite. 9 


density (Figs. 84 and 85). He deals also with the important subject 
of the behaviour of these expanded materials in compression. 
With a short test piece the true compressive strength of the 
material is the only relevant factor, but with the longer columns, 



Flo. 85.—Density—compressive strength curve for expanded ebonite. 9 


which frequently occur in practice, the part may fail from buckling 
before its real compressive strength is approached. 

The designer is therefore faced with the problem of constructing 
a column with its materials so distributed that failure in buc kling 
and compression occur together; in aircraft the structure must be 
light. For this purpose a sandwich assembly may be used, in which 
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the more rigid skin material is separated and supported by a low 
density core; such structures may endure much greater stresses 
than are practicable without the expanded supporting material. 
Comparison of the behaviour of these expanded products and 
other similar materials may be facilitated by the use of a “structure 
loading coefficient,” which is the square root of the load divided 


400,000 r 


co 

C 

U 

c; 


Solid round 
spruce 


-S 300,000 


Qi 

C, 


c: 

o> 

to 

c. 

I 

o 

o 

.c 

o 

Cb 

£ 


200,000 


100,000 



/'Asymptotic 
' to 476,000 


W / / So/id round 
high tensile 
i $teel, 

4 6 8 l 


Solid round 
duralumin 


' 12 14 16 

Structure loading = rfpfl 
Pound inch units 

Fig. 86.—The behaviour of various light and rigid arrangements in compression. 9 


by the length of the column. Allowance for density may be made 
by dividing compressive strength by specific gravity and expressing 
the result as a length (specific compressive strength). Some wood 
and metallic materials are compared in this manner in Fig. 86, 
which illustrates the value of the lightweight Balsa wood at low 
structure loadings, even when no skin material is used. 


Laminated and Reinforced Plastics 

This brief survey of the properties of composite beams and 
expanded plastics serves to illustrate the directional properties in 
an assembly having a regular structure. That such effects are not 
confined to cases where the structure is on a macroscopic scale is 
shown by the behaviour of metal crystals whose mechanical 
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type of structure on which the plastic is based, since this need not 
always be of the straightforward laminated type. 

Sometimes it is desirable to arrange for a high proportion of the 
reinforcement to lie in a single direction. For example, de Bruyne 12 
describes certain phenolic and cresol resins filled with a con¬ 
tinuous cord reinforcement, with 90 per cent of the reinforcement 
in the warp, which he calls “aerolites” and which have greatly 
improved properties in their most favourable direction. Between 
these two extremes many intermediate forms exist, having varying 
degrees of reinforcement along two out of three rectangular axes. 
Also, many articles can conveniently be moulded directly from 
resin-impregnated canvas or similar materials giving products 
where the orientation in the reinforcing elements is confined to 
that brought about in the moulding process. 


Mechanical Properties of the Laminated Plastics 

A great deal of material has recently been published in the U.S. 
and elsewhere concerning the mechanical properties of commercial 
and experimental laminated plastics, 11,12,13,14,15,16,17,18 an( j typical 
figures are given in Tables LII and LIII." 

A more complete tabulation of published results has recently 
been made by Yarsley, 19 but Table LII serves to illustrate many 
of the differences obtained with different types of reinforcement. 
In particular, the main advantage of the fabric over the paper 
laminates lies in improved impact and bending strengths, and it is 
probable that both these properties depend on increased deform- 
ability under the highest stresses. This is in general agreement with 
the work of Barber, 20 who made a specific comparison of various 
phenolic paper laminates with a fabric-filled material. Naturally, 
actual figures largely depend on the particular types of fabric or 
paper reinforcement employed, and the best products in each 
type may be superior to the average. For example, Barber claims 
that with certain types of paper reinforcement, namely: Mitscher- 
lich sulphate and sulphate Kraft papers, increased values of the 
tensile strength, up to 30,000 and 21,000 lb./in. 2 respectively, are 
obtained, and values of 19,000 to 28,000 lb./in. 2 for the ultimate 
tensile strength of high strength paper laminates have also been 
given by Field. 13 Such figures suggest a considerable improvement 
on those observed by Caldwell (Table LII). 



Table LII. Mechanical Properties of Phenolic Laminates 
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strength, 
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41,000 


31,000 

22,000 

36,000 

I 1 1 1 

43,000 

Modulus of 
elasticity tension C 
x 10« 

Across 

grain 

1-3 

0-8 


10 

0*7 

10 

0*7 

0*8 

1*0 

0*8 

1*6 

With 

grain 

1-3 

10 

a 

o on o 
~ 6 ~ 

o o o o 

00 

Tensile strength 

lb./in. 2 

Across 

grain 

11,000 

10,000 

11,000 

8,000 

6,000 

10,500 

9,500 

10,000 

12,000 

11,000 

9,000 

With 

grain 

12,000 

13,000 

16,000 

11,000 

8,000 

13,500 

13,000 

14,500 

13,000 

10,000 

13,000 

Base material 

Asbestos fabric 

Asbestos paper 

Kraft paper 

Absorbent paper 

Absorbent paper 

Absorbent paper 

Fine weave fabric 

Fine weave fabric 

Medium weave fabric.. 

Coarse weave fabric .. 

White paper core 


Data: Caldwell, L. E., Modern Plastics, 21 (1943), pp. 86-7. 
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Data: Caldwell, L. E., Modern Plastics , 12 (1943), pp. 86-7. 
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Fundamental Properties of the Laminated Plastics 

Measurements for different materials simply presented in table 
form, though valuable as a practical guide in the present state of 
knowledge, give only a limited insight into the basic properties of 
the reinforced plastics, and of the factors limiting their possible 



Fig. 88.—The compressive strength and specific gravity of wood flour*cresol 

plastics, u 


development and application. A more fundamental approach is 
given in papers where the properties of the materials are dealt with 
in a more systematic way. One of the first was that of de Bruyne, 12 
who showed that the major effect of his filler, which was mainly 
unidirectional, was to raise the tensile strength of a cresol resin 
from ca. 5,000 to ca. 26,000 lb./in. 2 in the direction of reinforce¬ 
ment. On the other hand, the compressive strength remained 
largely unaffected round 24,000 lb./in., 2 though the apparent mode 
of rupture of the reinforced material in compression developed the 
form of an obvious shear (Plate XII ( b )). The failure of laminated 
and other plastics under shear at angles approaching 45° to the line 
of compression is often a possible explanation of compressive 

p 
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strength (Chap. II), but this viewpoint is seldom so strikingly 
confirmed by the form of failure as in this example. De Bruyne’s 
paper illustrates the effect of increases in the moulding pressure 
in giving improvements in tensile strength and in raising the 
modulus of elasticity. He also investigated the effect of the per- 


—Density of cellulose = l‘S2>g. pen c.c. 



Completely bonded boards 


Fig. 


Density of unfilled resin 
= 1-77 g, pence r 

Apparent density of kraft paper 
at 2000 lb. per sq. In, — 1-14 g.per c.c. 


0 20 40 60 60 100 

Resin content by volume (%' 1 

89.—The specific gravity of a paper-reinforced phenolic resin. 22 


centage of wood flour on the compressive strength and specific 
gravity of cresol resins (Fig. 88). 

Some fundamental experiments have been carried out on paper 
base plastics by Pepper, Cox and Barwell, 21 ’ 22 who concluded that 
the strengths obtainable with these materials were limited by the 
proportion of the stronger component present (the paper), and by 
the need to fill up all the “voids” or spaces therein, with the 
phenoplast. A considerable variety of evidence was presented in 
support of this theory. In the first place they investigated the 
specific gravity of laminates made up with different percentages of 
resin at the same lamination pressure, and gave results of the form 
shown in Fig. 89. Where all the spaces in the paper were filled the 
density of the laminate fell on the straight line connecting the 
density of the pure resin with the estimated true density of cellulose, 
but where the amount of resin was too small to fill up the voids, 
under the conditions of fabrication, lower values of the specific 
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gravity were found. Thus, the filling of the voids here first occurred 
at a resin content of just over 20 per cent, and it was shown that 
the maximum values of the tensile strength and the modulus of 



elasticity were reached with materials of the same composition as 
shown in Figs. 90 and 91. Simultaneously, the compressive and 



Fig. 91.—The elastic modulus of a paper-reinforced phenolic resin. 22 


shear strengths reach their maximum values, i.e. those of the pure 
resin. 

Further experiments were then carried out by the same workers 
on the effect of pressure on a paper laminate containing 42 per 
cent of phenol-formaldehyde resin. It was shown that the density 
increases to a maximum as the pressure is raised; from such 
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density changes the percentage of voids can be estimated, assuming 
a fully densified material at the highest pressure (Fig. 92). With 



Fig. 92.—The effect of laminating pressure on the density of a paper-filled phenolic 

resin. 22 



Pressure (lb./sq.m.) 

Fig. 93.—The effect of laminating pressure on the static strength of a paper-rein¬ 
forced phenolic resin. 22 


this procedure again, strength changes follow changes in density 
(Fig. 93), and no improvements in strength are obtained at lamina¬ 
tion pressures above those required to fill up the voids completely. 
These results are confirmed generally by Nelson 23 and Field. 13 



SOME PROPERTIES OF COMPLEX MATERIALS 


221 


Nelson also found that the tensile strength values rose to a 
maximum with increasing pressure and went on to show that 
different resins gave varying results under this type of treatment 
(Fig. 94). He concluded that the liquid phenolic resin was most 
suitable for low pressure laminates, a conclusion in general agree¬ 
ment with the theory of voids. The work of Field specifically 
supports the results of Cox and Pepper on the effect of the mould¬ 
ing pressure on specific gravity, and may in this respect be con¬ 
sidered to have anticipated their investigation. He also gives a 



Fig. 94.—The effect of piessme on the tensile strength of cotton cloth laminates. 2 ' 


number of results illustrating the effect of the moulding pressure 
on mechanical properties in general agreement with those of 
Pepper, Cox and Barwell, though presented in a more approxi¬ 
mate form. The existence of a pressure above which the strength 
and specific gravity of paper laminates do not appreciably increase 
may therefore be regarded as comparatively well established. 

As with other plastics, the laminated phenolic materials are 
susceptible to changes in humidity, and Cox and Pepper 21 used 
this quality to furnish further evidence for their theory of voids 
(Fig. 95). Their results showed that the percentage water absorption 
with varying composition fell sharply around a 20 per cent resin 
content, and that there was a parallel change in the observable loss 
of compressive strength on immersion in water. A reduction in 
static strength properties appears to be a general consequence of 
the action of water or dampness on paper laminates as with other 
plastics, even if the paper is conditioned before lamination. For 



222 


THE STRENGTH OF PLASTICS AND GLASS 


instance, Croup 24 investigated the effect of subjecting the im¬ 
pregnated paper to varying humidities before assembly, and 
found that increasing humidity also caused a decrease in tensile 
strength and elasticity, though there was an increase in impaet 
strength. But he reported that the action of water vapour on the 
finished laminated plastic gave a maximum value of the tensile 
strength at 50 per cent r.h. and a continuous increase in the 



Fig. 95.—The effect of resin content on the water absorption of paper laminate. 21 

impact strength. Some doubt must be felt as to whether the 
occurrence of a maximum tensile strength under such treatment 
is general since Brown 14 has quoted figures indicating a steady 
decrease in tenacity with increasing humidity. 

Recently, Barwell, Pepper and Hale have investigated the fabric 
base plastics, 25 and they consider that their results are, to a first 
approximation, in agreement with the theory of voids. However, 
they found, despite the existence of a limiting density (an implica¬ 
tion of complete densification), that the densities of apparently fully 
bonded laminates still lay below the calculated values assuming no 
voids. It was, therefore, concluded that increasing pressure did not, 
within the range examined, eliminate voids completely—a result 
in agreement with the further observation that fully bonded 
boards containing a resin content of 50 per cent give an increase 
in density on immersion in water, whereas the density of cellulose 
decreases when swelling takes place in water and the resin is 
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unaffected. Both the tensile strength and the modulus of elasticity 
(stiffness) of apparently fully bonded boards showed a maximum, 
the shape of the two curves having an interesting similarity (Figs. 
96 and 97). However, the fabric base materials showed the 



Fig. 96.—The tensile strength of fabric laminates. 25 



Fig. 97.—The stiffness (elastic modulus) of fabric laminates. 25 


greatest difference in behaviour to the paper impregnates in the 
shear strength parallel to the laminations. With the fabric base 
boards this type of shear strength was proportional to the resin 
content, while that perpendicular to the laminations was constant 
(Fig. 98). There was also a similarity between shear strength 
parallel to the laminations and compressive strength measured 
with the load parallel to the laminations. The latter was also 
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directly proportional both to the resin content (Fig. 99), and to the 
shear strength parallel to the laminations. These results present a 



Fig. 98.—The shear strength of fabric base laminates. 25 



Fig. 99.—The compressive strength of fabric base laminates. 25 

further analogy between shear and compression. It may also be 
concluded from these experiments that the threads make little or 
no contribution to the shear strength parallel to the laminations. 



SOME PROPERTIES OF COMPLEX MATERIALS 


225 


New Developments in Resins for Laminated Materials 

At one time or another most of the thermosetting resins have 
been used in the production of laminated and reinforced plastics. 
The melamine resins, which may conveniently be filled with 
macerated fabric or a-cellulose, have an excellent abrasion 
resistance. Further information concerning them has been given 
by Simmonds, Bigelow and Sherman. 26 Here, it is intended to deal 
with two types of resin which have a particular interest in relation 
to mechanical properties; the first concerns certain allyl plastics 
called “Columbia Resins” which have been described by Pechukas, 
Strain and Dial. 27 The second concerns the use of cellulose 
derivatives. Pechukas and his co-workers point out that their 
resins are, in certain of their properties, transitional between the 
thermosetting and thermoplastic groups. For example, they give 
insoluble products with excellent abrasion resistance (8 to 12 
times that of methacrylate), and are able to polymerize from a 
liquid monomer to give a clear product. This reaction is a true 
polymerization and is not accompanied by the evolution of gases, 
though the usual slight shrinkage occurs. Such properties make it 
possible to form laminated structures at low pressures and the 
polymers have found particular application in the field of fibre- 
glass laminates, though they can be used with many different 
reinforcing materials (Table LIV). The “Columbia Resins” 
described here are made from condensation products of allyl 
alcohol, phosgene and ethylene glycol. 28 


Laminates based on Cellulose Derivatives 

A vital property of the reinforcing material is that of increasing 
the strength of the plastic under tension and impact, 12 but it is 
not necessary to use only the relatively weak phenolic materials 
as the plastic base in laminates, and recently Eurenius et al. 29 
have described the properties of laminates derived from cellulose 
acetate and ethyl cellulose. As with most cellulose plastics, the 
properties can be varied according to the quantity of plasticizer 
included in the cellulose base mixture, so the results are tabulated 
with hard and soft formulations (Table LV). The main advantages 
claimed for these materials are lower elasticity (greater flexibility) 
and higher impact strength than with laminates made with the 
same filler using a phenolic resin. It is also stated that the hot 



Table LIV. Properties of C.R. 39 Laminates from Standard A.S.T.M. Tests at 70° F. 27 
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Cast C.R. 39 . 1*315 5,000-6,000 9,500 280,000-350,000 22,100 0-31 
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Table LV. Mechanical Properties of Reinforced Cellulose Acetate and 
Ethyl Cellulose compared with a Phenolic Grade C Resin. Reinforcing 
Material 8 oz. Drill Cloth, 30 parts to 70 parts Resin 29 


Material 

Impact 

strength 

ft.-lb./in. 

notch 

edgewise 

Flexural 

strength 

Modulus of 
elasticity in 
flexure 

Tensile 

strength 

Modulus of ! 
elasticity in 
tension 

Specific 

gravity 



lb./in. 2 

lb./in. 22 x 103 

lb./in. 2 

lb./in. 2 x 103 


Cellulose acetate: 







Soft plastic 

4 

680 

14 

500 

16 

1-26 

Soft laminate .. 

7-3 

1,600 

41 

4,300 

79 

1-31 

Hard plastic 

2-9 

9,600 

230 

7,200 

260 

1-32 

Hard laminate .. 

5-5 

10,400 

260 

8,040 

390 

I *33 

Ethyl cellulose: 







Soft plastic 

— 

400 

5-7 

460 

9 

106 

Soft laminate .. 

5-8 

1,900 

62 

2,940 

59 

116 

Hard plastic 

40 

5,000 

108 

3,100 

140 

109 

Hard laminate .. 

5-4 

5,900 

150 

5,370 

337 

113 

Phenolic grade C .. 

3-9 

13,000 

440 

8,000 

850 

1-35 


materials are readily drawn into complex shapes with inexpensive 
equipment. Cellulose thermoplastics may also be combined with 
other types of filler such as fibre-glass and asbestos cloth with 
characteristic variations in the product. 


Fibre-Glass Laminates 

The high tensile strengths attainable with glass fibres have 
already been mentioned (Chap. Ill) in connection with Griffith’s 
theory of flaws in glass. As an example of these high strengths, 
recent figures given by Slayter 30 show the tensile strength of 
standard glass fibres in the thickness range 0-0007 to 0-0002 in. 
diameter to be about 300,000 lb./in. 2 (approx. 21,000 kg./cm. 2 ), 
and experimental fibres have been produced with a tensile strength 
of 2,000,000 lb./in. 2 The method used for measuring the properties 
of glass fibres is shown in Plate XVI. The strength of glass fibres 
tends to decrease after their formation, and it is important to 
'treat them in such a way as to preserve their high strength; 
Slayter recommends that the fibres should be suitably lubricated 
before they are made into a fabric. Other ingredients, such as 
gelatin or starch, which can give a firmly adhering organic film 
when the fibre is subjected to suitable heat treatment, may be 
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conveniently incorporated in the lubricant. Impregnation with 
resin and thin flock fibres follows. Adhesion between glass fibre 
and resin may also be improved by heating the glass at 400° F. 
for 2 hours to remove the adsorbed film of water. 31 

Many types of resins have been used for the purpose of making 
fibre-glass laminates, among the most popular being the allyl type 
plastics which lend themselves to manipulation at low pressure. 
Nevertheless, many of the outstanding mechanical properties of 



Fig. 100.—The tensile strength of a fibre-glass laminate. 


the fibre-glass laminates appear to be largely determined by the 
properties of the glass fibres. For instance, the measured tensile 
strength of the reinforced material has a linear dependence on 
the glass content 32 (Fig. 100), and, according to Preston, 33 the 
elastic modulus also depends mainly on the amount of glass fibres 
present. However, elasticity in particular directions may also be 
affected by varying the structure of the fabrics used; in typical 
cases ordinary woven all-glass fabrics give a modulus of 2 to 
21 x 10 6 lb./in., 2 but if the glass fibres are predominantly in the 
same direction a modulus of 4| x 10 6 lb./in. 2 can be reached. 30 
Compression strength, on the other hand, is more sensitive to the 
firmness of the connection between the laminations, and can be 
strongly influenced by the addition of flock fibres to the resin 32 
(Fig. 101). These results serve to indicate some of the strength 
properties shown by these materials, but it is also important to 
remember that, as with other laminated plastics, the strength 
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values will depend on the direction of the stress. For instance, 
Armstrong 34 reports that the tensile strength at 45° to the prin¬ 
cipal directions of the cross-stacked fibres is 30 to 40 per cent 
lower than the corresponding “with grain” values. This factor 
will naturally also play a part in compression tests, where again, 
according to Armstrong, failure takes place in “diagonal shear.” 

An important consequence of the vast increase in the tensile 
strength of glass fibres without any comparable change in the 



Fig. 101.—The effect of flock fibres on the compressive strength of a fibre-glass 

laminate . - ' 2 

modulus of elasticity is that a material in which these properties 
predominate has a very high capacity for absorbing energy. As 
an approximate illustration we may consider a glass with a 
bending or tensile strength of, say, 1,000 kg./cm. 2 and a modulus 
of elasticity of 700,000 kg./cm. 2 Such a material would have a 
maximum strain energy of approximately 0-7 kg./cm./c.c., a value 
in accordance with the brittle behaviour of glass; but with a fibre 
of the same elastic modulus and a tensile strength of20,000 kg./cm. 2 
the maximum strain energy rises to 300 kg./cm./c.c. It is, therefore, 
in accordance with approximate theoretical considerations based 
on the known properties of the glass fibre that most fibre-glass 
laminates have a characteristically high impact strength. 

In Tables LVI and LVI1 some figures, taken from the work 
of Field, 13 are tabulated for the impact and tensile properties of 
phenolic laminates. Examples are included of high-strength paper, 
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Table LVI. Izod Notched Impact Strength of Laminated Phenolic Resins 13 


Reinforcing 

material 

Edgewise ! 

| 

Face wise 

Low 

temperature 
(- 70° F.) 

ft.-lb./in. 

notch 

Room 
temperature 
( + 76° F.) 

ft.-lb./in. 

notch 

High 

temperature 
(+160° F.) 

ft.-lb./in. 

notch 

Low 

temperature 
(- 70° F.) 

ft.-lb./in. 

notch 

Room 
temperature 
(+ 76° F.) 

ft.-lb./in. 

notch 

High 

temperature 
(+ 160° F.) 

ft.-lb./in. 

notch 

Paper: 







With grain .. 

10 

10 

1*0 

40 

4*0 

4*0 

Across grain.. 

10 

1*0 

10 

40 

4*5 

4*0 

Asbestos: 







With grain .. 

20 

20 

30 

40 

40 

50 

Across grain.. 

30 

2*0 

30 

50 

5*0 

5*5 

Glass: 







With grain .. 

33-5 

220 

200 

290 

230 

27*5 

Across grain.. 

310 

22-5 

20-5 

31 *5 

32*5 

310 


asbestos and glass fillers, and the results enable a comparison to 
be made of the contributions of different reinforcing materials. 
Although the characteristically high tensile and impact strength 

of the fibre-glass plastics 
depend largely on the 
properties of the glass 
fibres, other aspects of 
the strength of these 
materials are much 
more dependent on the 
type of resin used. This 
problem has been in¬ 
vestigated by Strain 35 for 
a particular heat-cleaned 
fibre-glass material 
laminated with different 
types of allyl resin. 
His results (Figs. 102 and 103) indicate a relationship between 
both the compressive and bending strength (modulus of rupture) 
of the laminate and the same properties in the resin used. For 
elasticity and tensile strength there is a smaller range of variation 
in the properties of the fibre-glass laminates with a variation in 
the resin (Figs. 104 and 105). These results compare interestingly 



Ultimate compressive strength oP resin, 
Ib./sq.in. x 10 3 

Fig. 102.—The relation between the compressive 
strength of a fibre-glass laminate and that of 
the resin used. 35 
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with those of Pepper el al ., 21 ' 22 who found that the compressive 
strength of paper laminates with more than 20 per cent resin 
content was that of the resin. 

The valuable properties of the fibre-glass laminates undoubtedly 



Fio. 103.—The relation between the bending strength of a fibre-glass laminate and 

that of the resin used. 35 



Modulus of elasticity in f/eyune of nest n 
Ib./sq.in . x JO 5 

Fig. 104.—The relation between elastic modulus of a fibre-glass laminate and that 

of the resin used. 35 


SOME PROPERTIES OF COMPLEX MATERIALS 


233 


hold out the possibility of new engineering developments, par¬ 
ticularly where high strength and low density are desired. At 
present, one difficulty lies in the comparatively high cost of the 
fibre-glass itself, and for this reason mixed glass-cotton cloths are 



Fig. 105.—The relation between the tensile strength of a fibre-glass laminate and that 

of the resin used. 35 

often used for reinforcement, giving laminates with intermediate 
properties. 

Laminated Glass 

This material has already been mentioned in connection with 
the problem of the bending and breaking of a complex beam 2 ; 
however, these properties actually involve what are among the 
points of weakness in the material. Actually, the lamination is 
introduced simply to overcome the dangerous splintering effects 
which are characteristic of the breaking of glass. The properties 
of laminated glass are such that under a light blow it may be 
cracked but the assembly remains a coherent whole. However, if 
the energy of the blow : s increased a point is reached where the 
glass may be penetrated, or, more commonly, broken up into a 
number of large pieces. Under these circumstances the breaking 
of the glass may be described as “brittle,” and it is upon the 
property of brittleness that the testing of laminated glass is 
generally based. In practice, the energy required to bring about a 
50 per cent probability of brittleness may be four or five times as 
large as that required to crack the glass. The measurement of the 
energy required to cause brittleness in this material is, therefore, 

Q 
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of some general interest in that the main part of the energy 
involved is concerned with the tearing and breaking up processes 
after the formation of the first cracks. The results are also remark¬ 
able in that they illustrate the possibility of drastic positive velocity 
sensitivity with complex materials. 

Before presenting the experimental results in detail a short 



20 38 36 44 52 60 68 76 

height of fall, ins. 

Fig. 106—The effect of the energy of impact 
(height of fall) of the striker on the prob¬ 
ability of brittleness in laminated glass. 2 


digression is necessary on 
the methods available for 
estimating the impact be¬ 
haviour of laminated glass. 
Only one impact can be 
made on each specimen 
since the glass will in¬ 
variably be cracked by 
any blow giving a signifi¬ 
cant probability of brittle¬ 
ness, and further tests 
cannot be made on such 
a sample. Measurements 
are therefore carried out 
by subjecting groups of 
similar test pieces to a 
specified impact and 
observing the number of 
glasses which are broken 
up and the number which 
remain coherent. By 
making several such ex¬ 


periments it is possible to 


plot a curve showing the probability of brittleness in any particu¬ 
lar circumstances (Fig. 106). 2 However, in this type of experiment 
both the energy and velocity of impact are changed, and greater 


interest attaches to results in which one of these quantities is kept 


constant and the other varied. For this purpose two courses are 


open. Either a series of glasses may be broken with the same energy 
of impact and different velocities (Fig. 107), or different balls (or 
bolts) may be dropped at a particular velocity to give curves 
showing the variation in the probability of brittleness with energy 
of impact at a particular velocity (Fig. 108). However, both these 
methods of experimentation give the same result with regard to 
the effect of varying velocity on the probability of brittleness with 
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laminated glass, namely, the energy required to give a particular 
probability of the glass being broken up or penetrated increases 
as the velocity is raised, i.e. the material shows positive velocity 
sensitivity. 

The drastic character of the effect may be seen from the fact 



Fig. 107.—The effect of the velocity of impact on the probability of brittleness in 
laminated glass. All experiments carried out at constant energy of impact. 2 

that the energy required to produce a particular probability of 
brittleness increases about three times in the velocity range 
11 to 67 m.p.h. A possible reason for this effect is suggested by 
the photographs in Plate XV. At the highest velocities the crack¬ 
ing or powdering is largely confined to the area around the 
point of contact and the impact stresses are not carried out to 
the edge of the glass along the whole length of the radial cracks. 
In such circumstances the glass is not readily broken up. For 
practical purposes this positive velocity sensitivity with laminated 
glass has an obvious value in connection with the use of the 
material in automobile windscreens, when impact in the velocity 
range 30 to 60 m.p.h. has to be considered. Indeed, the behaviour 
of laminated glass compares very favourably in this respect with 
that of toughened glass with its strong negative velocity sensi¬ 
tivity (Fig. 68), and the American practice of specifying laminated 
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glass only for windscreens seems justified. In any case, the tests 
laid down in B.S.S. 857: 1939 would appear to be somewhat mis¬ 
leading (though not therefore unsuitable for their purpose) in 
that laminated glass is tested at the velocity at which it is weakest. 



Fig. 108.— The effect of changing the energy of impact on the probability of brittle¬ 
ness in laminated glass. Experiments carried out with different strikers at the 
same velocity. 

and toughened glass at the velocity at which it is strongest. How¬ 
ever, these results are mainly of interest in illustrating the wide 
possible variability of impact strength with velocity among 
complex materials, and underline the need for comparing the 
behaviour of two materials within the velocity range which they 
will be expected to meet in service. The rather surprising nature 
of the observations also makes it reasonable to assume that many 
useful possibilities inherent in complex materials still remain to 
be understood and applied. 

Note. The experiments described above were carried out with laminated glass, 
having a cellulose acetate interlayer. It should be noted that this material is now 
substantially displaced by polyvinyl butyral which has the advantage of a higher 
impact strength. However, although the reality of this improvement is not in 
doubt, the writer is not aware of any measurements of the impact strength of this 
type of laminated glass which are satisfactory from the statistical point of view. 
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Abrasion Resistance 
of glasses, 129-31 
of plastics, 129-32 

Adsorbed Films, effect on strength of 

aln cc SA 

Allyl 8 Esters, 17, 225 
in fibre glass laminates, 228 
American Society for Testing Materials 
Impact test for plastics, 172 
Mar-Resistance of plastics, 131 
Tensile test for plastics, 9 
Amylopectin, 16 
Amylose, 16 

Asbestos reinforced plastics, 215, 230-1 
Axial ratio of cellulose acetate and 
nitrate, 101 

Bending Strength 
Definition, 30 

Deviation from simple-theory, 30-32 
Deviations as applied to impact 
strength, 154 
of glasses, 43-58 
of plastics, 29-33 
Brinell Hardness 
of plastics, 137 
of metals, 139 

British Standard Specifications 
Hardness tests, 137—8 
Impact tests, 172 
Shearing strength, 34 
Tensile test for phenolics, 8 
Brittle point, 179-185 
Broken half error in lzod test, 190 
Bulk modulus of elasticity, 72 
of glasses, 75 

Butadiene-Acrylonitrile rubber 
Effect of temperature on elasticity, 87 
Butyl Rubber 

Effect of molecular weight on relaxa¬ 
tion constant, 92 

Effect of molecular weight on tensile 
strength, 15 
Elasticity of, 85 

Casein Plastics 
Compressive strength, 116 
Hardness of, 139 

Ideal Hookean deformation of, 79 
Cellulose 

Axial ratio of, 101 
Deformation of, 97 
Fibres, 103-5 
Cellulose Acetate 
Adiabatic deformation, 153 
Compression of, 116 


Cellulose Acetate —continued 
Deformation of, 97 
Effect of humidity on, 25-26 
Effect of plasticisers on mechanical 
properties, 23 

Effect of thickness on tensile strength, 
12 

Effect of temperature on bending 
strength, 33 

Effect of time on tensile strength, 28 
Fast and slow deformation of, 182-3 
Hardness of, 133-41 
Ideal Hookean deformation of, 77-8 
Impact strength of, 77, 173, 178, 183 
Limited extensibility of plasticised, 103 
Molecular weight and tensile strength 
of, 14 

Reinforced, 227 
Weathering of, 36 
Cellulose Acetobutyrate 
Effect of moulding conditions and 
strength of, 9 

Effect of plasticiser on mechanical 
properties, 23 

Repeated impact strength of, 198 
Cellulose Esters, tensile strength of, 24 
Cellulose Nitrate 
Adiabatic deformation of, 153 
Axial ratio of molecules, 101 
Effect of humidity on, 25-6 
Effect of molecular weight on tensile 
strength, 13 

Hardness of, 133, 139-41 
Impact strength of, 173, 178 
Limit of extensibility of, 102-3 
Small non-ideal deformations of, 107 
Weathering of, 36 
Charpy impact test, 171-2 
Chemical composition in relation to the 
mechanical properties of glasses, 
48-50 

Coefficient of variation 
Definition, 39 

of glass beams in bending, 42 
of glass broken under impact, 162 
of toughened glass, 63 
Composite Beam, mechanical properties 
of, 203-10 

Compressive strength of plastics, 34-6 
“Cone” fractures in glass, 123-9 
under impact, 169-70 
Cracking of glass, 58 
Cresol Resins 
Compression of, 115 
Reinforcement of, 217 
Theoretical strength of, 11 
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Crushing strength of glasses, 65 
Crystallization, effect on extensibility of 
rubber, 104 

Deformation 
Definition of types, 68-9 
Empirical treatment of, 96 
of glass, 72-6 
Highly elastic, 81-96 
Ordinary elastic of plastics, 76-80 
of thermosetting materials, 113-6 
Dilatometric transition point of plastics, 
70-71 

Ebonite 

Deformation of, 108 
Effect of notches on impact strength 
of, 192-7 

Energy to fracture, 190 
Expanded, 211 

Velocity sensitivity of impact strength, 
185 

Elasticity, see ordinary elasticity, high 
elasticity, deformation 
Energy of Activation 
for relaxation time constant, 90 
for glass fracture, 19 
for viscous flow, 110-11 
Ethyl Cellulose 

Effect of moulding conditions on 
strength of, 9 

Effect of temperature on tensile 
strength, 18 
Reinforcement of, 227 
Expanded plastics, 210-12 

Fibreglass laminates, 227-233 
Fibres 

Glass, elasticity of, 76 
Glass, tensile strength of, 41, 227 
Effect on temperature of tensile 
strength of rayon, 19 
Theoretical tensile strength of, 10 
Flaws 

Griffith’s theory of, 40-42 
in thermosetting resins, 11 
Visible, effect on bending strength, 43 
Flexibility, 179-85 

Gaussian distribution of strength 
measurements, 39 

Hardness 

Definitioif, 122-3, 2 
of glasses, 123-6 
of plastics, 129-45 
High Elasticity 
Definition, 68-9 
Effect of temperature on, 87-91 
Effect of molecular weight on, 91-3 
Effect of, on impact strength, 150 


High Elasticity —continued 
Kinetic theory of, 80-6 
Transition temperature of, 88 
Humidity 

Effect on cellulose ester sheeting, 25-6 
Effect on fabric laminates, 222-3 

Impact Strength 
of glasses, 161-71 
of plastics, 171-97 
Theory of, 146-61 
Izod impact test, 171-2 

Kinetic theory of high elasticity, 81-6 

Laminated Glass 
Bending strength of, 209 
Impact strength of, 233-7 
Limit of extensibility, 100-6 

Mar-resistance of plastics, 129-32 
Micro strength of glass, 126 
Molecular theory of flow, 112 
Molecular Weight 
Effect on brittle point, 180 
Effect on hardness of polystyrene, 140 
Effect on high elasticity, 85 
Effect on impact strength, 175-6 
Effect on viscous flow, 109-11 
Melamine plastics, mar-resistance of, 
131-2 

Moulding conditions and mechanical 
properties, 9 

Notches, effect on impact strength, 
192-7 

Ordinary Elastic Deformation 
General, 71-2 
of glasses, 72-6 
of plastics, 76-80 

Parallel properties, 2 
Phenolic Resins 

Compressive strength of, 35-6, 116 
Deformation of, 113—16 
Effect of temperature on tensile 
strength, 20-22 
Energy absorption by, 200 
Fabric reinforced, 222-25 
Glass reinforced, 231 
Hardness of, 132, 139, 141 
Impact strength of, 142, 178, 191, 196 
Paper reinforced, 218-222 
Repeated blows on, 198 
Plasticisers 

Effect on impact strength, 177-8 
Effect on general mechanical proper¬ 
ties, 23 

Effect on tensile strength, 22-6 
Viscosity of, 25 
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Polyesters, melt viscosity of, 110-11 
Polymethyl Methacrylate 
Compression of, 116 
Deformation of fibres, 93-5 
Effect of cross links on tensile strength, 
17 

Effect of temperature on tensile 
strength, 19 

Fast and slow deformation of, 
182-3 

Hardness of, 131-9 
Impact strength, 175, 182-3; of 

squares, 187-9 

Mechanical properties compared with 
other methacrylic ester polymers, 

24 

Ordinary elastic modulus, 78-9 
Transition temperature of, 88-9 
Polystyrene 
Compression of, 117 
Effect of cross linkage on mechanical 
properties, 10 

Effect of moulding conditions on 
strength, 17 
Hardness of, 131-41 
Hardness and molecular weight, 
141 

Impact strength of, 175 
Impact strength of squares, 187-8 
Molecular configuration of, 101 
Repeated impact strength, 198 
Tensile strength of, 18 
Polyvinyl Acetate 
Softening points. 111 
Transition temperature, 88’ 

Polyvinyl Acetal, hardness, 141 
Polyvinyl Butyral 
Impact strength, 178 
Laminated glass, 234,236 
Limit of extensibility', 103 
Polyvinyl Formal, plasticization of, 

25 

Polyvinyl Chloride 
Brittle point. 181 
Elastic modulus, 79 * 

Hardness, 135, 140 
Tensile strength, 18 
Torsional deformation of plasticized, 
98-100 

Transition temperature of, 88-9 
Polyvinyl Chloride-Acetate 
Brittle point of, 181 
Effect of cross linkages, 17 
Effect of molecular weight in mechani¬ 
cal properties, 14 
Hardness, 141-2 

Tensile strength of plasticized, 25 
Polyvinylidene Chloride, brittle point 
of, 180 

Relaxation time, definition, 90 
Resilience, 200 


Resonance amplification factor, 199 
Rockwell hardness of plastics, 137 
Rubber 

Hycar, plasticization of, 25 
Natural 

Bursting strength of sheets, 59 
Elasticity of, 81-7 
Limit of extensibility of, 103-6 
Stress relaxation of, 96 
Transition temperature, 88 
Natural vulcanized 
Compressive strength, 117 
Impact strength, 194 
Repeated impact strength, 198 
See also Ebonite 
Neoprene, brittle point of, 181 
See also Butadiene, Butyl 


Scratch hardness 
of plastics, 132-6 
of glasses, 135-6 
Shatter point, 180 
Shearing strength, 33-4 
of fabric base laminates, 224 
Silica Glass 
Abrasion of, 131 
Fracture hardness, 128 
Young’s modulus of elasticity of, 128 
Size effect on static strength 
of cast iron, 48 
of concrete, 48 
of glass, 44-8 
Standard deviation, 39 
of the impact strength of a plastic, 9 
Static Strength 
definition, 3-4, 7 


Temperature 

Bending strength of cellulose acetete, 
33 

Effect on elasticity of glass, 75, 82 
Effect on high elasticity, 86-9 
Effect on impact strength of plastics, 
173, 175, 177-9 

Effect on ordinary elastic modulus 
of plastics, 76-80 
Effect of static fatigue of glass, 53 
Effect of static strength of glass, 53 
Effect of tensile strength of plastics, 
17-22 

Tension, fracture of glass under, 40 
Tensile strength of glass, 48, 59 
See also fibres, glass 
Tensile strength of plastics 
Effect of chain structure, 16 
Effect of molecular weight, 12-16 
Effect of plasticizers, 22-6 
Effect of temperature, 17-22 
Effect of time on, 26-9 
Theoretical, 10-12 



INDEX 


245 


Thermosetting Resins 
Deformation of; 113-16 
Effect of temperature on tensile 
strength, 19-22 
See also phenolic, cresol, etc. 
Thermoplastic Resins 
Effect of temperature on tensile 
strength, 17-19 
See also cellulose acetate, etc. 
Thickness 

Effect on tensile strength of cellulose 
ester sheeting, 12 
Effect on impact strength, 147 
Time 

Effect on deformation of plastics, 
89-100 

Effect on hardness of plastics, 14Q-2 
Effect on static strength of glass, 
' 50-6 

Effect on static strength of toughened 
glass, 63 

Effect of tensile strength of plastics, 
26-9 

Time factor in impact strength, 149 
of glass, 162-6 
Toughened Glass 
Hardness of, 127 


Toughened Glass —continued 
Impact strength, 169 
Static strength, 60-4 

Velocity 

of crack propagation in glass, 58 
of impact, 155-60, 167-9, 185-8 
Effect on laminated glass, 234-6 
of sound in glass, 74 
of sound in plastics, 79 
Vibrational stresses under impact, 160 
Vickers hardness, 137 
Vinyl see polyvinyl 

Viscose rayon, elastic modulus of, 79 
Viscous flow, 107-13 
of polyesters, 110 

Voids, effect on mechanical properties 
of laminates, 218-24 
Volume-temperature curve for plastics, 
70-1 

Weight factor in impact strength, 154-5 
Wood-flour-cresol plastics, 217 

Young’s modulus of elasticity, 71-2 
of glasses, 73-6 
of plastics, 76-80 





